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Abstract 
Slope stability analysis is one of the most prominent subject matter in geotechnical engineering. 
Slope may be natural and man-made in its nature, and those slopes can be finite and infinite. It 
can also be soil mass slope or rock slopes. There are different kinds of slope failures and causes 
for those slope failures. For those failures, since 1922 by different scholar’s various types of 
slope stability analysis methods has been discovered. The stability methods can broadly be 
classified as the limit equilibrium method, the finite element method, the finite difference 
method and limit analysis method. Limit equilibrium method is the most commonly used 
methods for analysis. Even though some literatures states that using the finite element method 
slopes can be analyzed with better accuracy. Therefore, it is better to identify the difference 
between the two methods more clearly and to identify when to use which method in different 
circumstances. Thus, the main objective of this project is to compare the limit equilibrium 
method and the finite element method, to assess their differences and to study when to use which 
method. Plaxis 2D program has been used for the finite element analysis whereas Slope/W 
program has been used for the limit equilibrium analysis. Three condition of soil mass was 
considered, the first one is homogeneous silty sand soil mass, the second one is stratified soil 
mass and the third one is homogenous clay soil with free surface. The factor of safety value is 
used as an output for the comparison of the two methods. The analysis result for the homogenous 
silty sand soil mass shows a Factor of safety value for finite element method is 2.9. whereas for 
limit equilibrium methods, 3.0 is obtained for ordinary method of slice and 3.19 is obtained for 
the other types. And similar results are obtained in the other cases. This leads to a conclusion that 
finite element method is more efficient method for analysis of slope failure than the limit 
equilibrium methods without a predetermined assumption.  
 
 
 
 Key words: Slope Stability; Finite Element method; Limit equilibrium method; Factor of 
Safety.  
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1. Introduction 
1.1 Background and Justification 
The stability of earth embankments or slopes, as they are commonly called, should be very 
thoroughly analyzed since their failure may lead to loss of human life as well as enormous 
economic loss. The primary purpose of slope analysis in most engineering application is to 
contribute to the safe and economic design of excavations, embankments, earth dams etc. the 
failure of a mass of soil located beneath a slope is called a slide. It involves a downward and 
outward movement of the entire mass of soil that participates in the failure. The failure of slopes 
takes place due to (i) the action of gravitational forces, and (ii) seepage forces within the soil. 
They may also fail due to excavation or undercutting of its foot, or due to gradual disintegration 
of the structure of the soil. Slides may occur in almost every conceivable manner, slowly or 
suddenly, and with or without any apparent provocation (Michael, 1996). 
Various studies have been performed for prediction of the stability of slopes. Among the various 
methods the most commonly used method is the limit equilibrium method. The slope stability 
analysis is performed with the limit equilibrium method based on assumptions about the sliding 
surface shape. These methods remain popular because of their simplicity and the reduced number 
of parameters they require, which are slope geometry, topography, geology, static and dynamic 
loads, geotechnical parameters and hydro geologic conditions. However, they do not take into 
account the ground behavior and the safety factors are supposed to be constant along the failure 
surface (Baba, 2012).  
There are various methods in the limit equilibrium method developed. The various methods in 
the limit equilibrium method are Swedish method, bishop’s simplified method, Bishop’s method, 
Morgenstern and price method, Spencer method, bell’s method, Janbu method and Sarma 
methods (Hammah, 2015). 
Some of these methods satisfy only overall moment, like the ordinary and simplified Bishop 
methods. Bishop assumed a circular slip surface for analysis. In Bishop’s method, the factor of 
safety is determined by trial and errors. The inter slice shear forces are neglected and only the 
normal forces are used to define the inter slice (Hammah, 2015). 
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Comparisons of these models have been discussed and lead to the fact that these models all have 
some limitations. Each of the models has a definite form of equation which indicates that the 
model is derived from different assumptions. And this results different solution by using each 
method. 
These limitations make it necessary to continue the research work on proper predictive models. 
Since the advanced numerical method for slope stability has become common. The finite element 
method is combined with various schemes are used for analysis of slopes. Usually in the 
adaptation of the finite element method, various schemes for strength reduction were used to 
arrive at factor of safety or an estimate of the additional resistance to slope failure provided by 
the input soil parameters. 
With continuous improvement of the computer performance, the use of the finite elements in 
calculations of stability has been developed. These methods have several advantages: to model 
slopes with a degree of very high realism (complex geometry, sequences of loading, presence of 
material for reinforcement, action of water, laws for complexes soil behavior…) and to better 
visualize the deformations in soils in place. The application of these various methods on a 
concrete case permits more than their comparison to highlight all previously mentioned 
elements. Various calculations carried out illustrate perfectly benefits that can be gained from 
modeling the behavior by the finite elements method (Baba, 2012). 
 The purpose of this study is to compare the benefits of carrying out slope stability analysis using 
finite elements (FE) in addition to the more common limit-equilibrium (LE) method. However, 
limited study has been performed in view of comparing the limit equilibrium methods and the 
finite element method in our country. Such a comparison could be useful to evaluate the 
performance and validity domain of each method. In addition, since the application of both the 
limit equilibrium method and the finite element method are in the infant stage, particularly in 
many road and infrastructure projects slopes stability is not carried out at all which are causing 
many damages after and during construction. Therefore, this study will also address to the 
industry and the advantages of using those methods. 
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1.2 Statement of the Problem 
Ethiopia is investing billions of birr for the construction of roads, highway, and other 
infrastructures in order to boost the economic activity of the country. These infrastructure 
projects specially the roads connecting the rural areas are damaged by landslide hazards. In 
addition, other soil and dump fill are causing major catastrophes to peoples living around due to 
lack of awareness and investigation. In both cases, land slide has become destructive of the roads 
constructed and causing damages and causality to people living in the area around. It’s a recent 
memory to understand how landslide hazard is dangerous to the people living around “Wolayita 
zone” and “Koshe” area in Addis Ababa and to understand how much life and money it will cost. 
Even though a huge amount of money is invested in the preliminary design and detail design 
stage of construction, due there is a lack of emphasis and negligence given for intensive detail 
design and analysis of the slopes, the country is losing a huge amount of money each year with 
landslide and other problems. Landslides can be predicted and controlled using the slope analysis 
methods. Limit equilibrium method is the most commonly used method for slope stability 
analysis. Even though some literatures states that using the finite element method slopes can be 
analyzed with better accuracy. Therefore, it is better to identify the difference between the two 
methods more clearly and to identify when to use which method in different circumstances.   
Therefore, this project will compare the limit equilibrium method and the finite element method, 
to assess their differences and to study when to use which method. And also will give an 
awareness of how easy slope stability problems are solved using both the limit equilibrium and 
finite element method. 
1.3 Objectives of the Study 
1.3.1 General Objective 
   The general objective of this study is to compare the limit equilibrium methods and the 
finite element method, to assess their differences and to study when to use which method.  
1.3.2 Specific Objective 
 To compute slope stability analysis by using the finite element method and the limit 
equilibrium methods under different conditions. 
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1.4 Scope 
This project studies the analysis of slope using both the limit equilibrium and finite element 
method. There are three cases to represent different conditions of a soil mass on road project are 
chosen to be analyzed on this paper. On each of the three cases different geometry, stratification 
and water level of the soil mass is chosen. Then by determining the factor of safety values using 
plaxis 2D for the finite element method and using Slope/W for the limit equilibrium method 
comparisons are made accordingly. 
1.5 Organization of the Project 
The project is organized in the following five main chapters.  
Chapter one has the introduction part, objective, statement of the problem and scope of the study.  
Chapter two deals with the literature review which contain about the types and causes of slope 
failure and the finite element method & limit equilibrium method of slope stability will be 
reviewed.  
Chapter three describes in detail the materials and methods that is used for both the Plaxis 2D 
and Slope/W, such as the input, conditions and process & output of the methods and describes 
about the study area of the project. 
Chapter four describes in detail about the Results and Discussions.  
Chapter five deals with Conclusions and recommendations based on the results obtained. 
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2. Literature Review 
2.1 Introduction 
Slopes in soils and rocks are ubiquitous in nature. Highways, dams, levees, canals, and stockpiles 
are constructed by sloping the lateral faces of the soil because building slopes is generally less 
expensive than constructing walls. Natural forces (wind, water, snow, etc.) change the 
topography on Earth and other planets, often creating unstable slopes. Failures of slopes have 
resulted in much death and destruction, economic losses, and environmental damage. Some 
failures are sudden and catastrophic; others are insidious. Some failures are widespread; others 
are localized (Budhu, 2011). 
Geotechnical engineers have to pay particular attention to geology, surface drainage, 
groundwater, and the shear strength of soils in assessing slope stability. However, we are 
restricted by the geological variability of soils and methods for obtaining reliable values of shear 
strength. The analyses of slope stability are based on simplifying assumptions in some methods 
whereas some methods avoid using the assumptions. 
The failure of a mass of soil located beneath a slope is called a slide. It involves a downward and 
outward movement of the entire mass of soil that participates in the failure. The failure of slopes 
takes place mainly due to the action of gravitational forces, and seepage forces within the soil 
(Michael, 1996). They may also fail due to excavation or undercutting of its foot, or due to 
gradual loss of strength of the structure of the soil. Slides may occur in almost every conceivable 
manner, slowly or suddenly, and with or without any aggravation.  
The economic losses associated with slope movements reach about US$ 4.5 billion per year in 
Japan, US$ 2.6 billion in Italy, US$ 2 billion in the United States, and US$ 1.5 billion in India 
(Schuster, 1996).   A further account  of ‘annual  losses from  naturally  disasters generally,  to  
which  landslides  contribute  significantly,  are  estimated  by  the  UN Disaster Relief 
Coordinator to amount to 1 or 2 % of the gross national products in many developing countries’ 
(Hutchinson, 1995). A dramatic Problem was provided in 1993 by the ‘La Josephind’ landslide, 
which created a 90 m high dam reservoir that failed 33 days later. Seventy-one  persons  died,  
and  the  direct  cost  was  US$  141  million:  that  is,  1.24%  of  the  gross natural product of 
Ecuador (Schuster, 1996). 
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Human casualties related to land slides are also the other major problem. This can be illustrated 
by the situation in China, which is probably the country that suffers the most from the facilities 
due to landslides. It includes the earthquake -induced Haiyuan landslides, which killed 100,000 
(possibly 200,000) people; it also includes the Dong Xiang landslides, which is in 1983 killed 
more than 200 people. Historical records show that the number of landslides-related fatalities in 
China exceeds 100 per year (LiT, 1989). Also, recently the state of Sikkim in India suffered a 
major slope failure on 18th September, 2011 due to excessive rainfall which led to the loss of 
lives, blockage of roads and disruption of public transport system (Schuster, 1996). 
In our country Ethiopia also it was recent memory in August 2015 the landslide that kills 41 
people in Wolayita zone that was caused due heavy rainfall. And in very recently in march 2017 
the “koshe” dump fill landslide results for the loss of about 115 people and cause for many 
families’ homeless. Therefore, it is very necessary to investigate how it should be those slopes 
are to be analyzed to say they are stable or not (Zuzana Varilova, 2016). 
2.2 Types of Slopes 
Slopes of earth are of two types 
1. Natural slopes 
2. Manmade slopes 
Natural slopes are those that exist in nature and are formed by natural causes. Such slopes exist 
in hilly areas. The sides of cuttings, the slopes of embankments constructed for roads, railway 
lines, canals, etc. and the slopes of earth dams constructed for storing water are examples of 
manmade slopes (Murthy, 2002). The slopes whether natural or artificial maybe 
1. Infinite slopes 
2. Finite slopes 
The term infinite slope is used to designate a constant slope of infinite extent. The long slope of 
the face of a mountain is an example of this type, whereas finite slopes are limited in extent. The 
slopes of embankments and earth dams are examples of finite slopes. The slope length depends 
on the height of the dam or embankment (Murthy, 2002). In this study slopes of finite height will 
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be considered for analysis. Even though infinite slopes are also a major concern where, 
especially in excavations under mountains for road constrictions and in quarry sites.  
2.3 Types of Slope Failure 
There are different types of slope failures. Those different types of slope failures depend on, the 
soil type, soil stratification, groundwater, seepage, and the slope geometry. Failure of a slope 
along a weak zone of soil is called a translational slide (Figure 2.1a). The sliding mass can travel 
long distances before coming to rest. Translational slides are common in coarse-grained soils 
(Budhu, 2011). Translational slides are one of the most common types that are encountered. This 
type of slide mainly occurred due to the stratification of the soil mass. Where there is a thin loss 
soil is located under huge soil mass. 
A common type of failure in homogeneous fine-grained soils is a rotational slide that has its 
point of rotation on an imaginary axis parallel to the slope. Three types of rotational failure often 
occur. One type, called a base slide, occurs by an arc engulfing the whole slope. A soft soil layer 
resting on a stiff layer of soil is prone to base failure (Figure 2.1b). The second type of rotational 
failure is the toe slide, whereby the failure surface passes through the toe of the slope (Figure 
2.1c). The third type of rotational failure is the slope slide, whereby the failure surface passes 
through the slope (Figure 2.1d) (Budhu, 2011). Rotational slide is also the most common type of 
slide that occurs. In most of the slope stability analysis problems it’s assumed that the failure will 
be rotational by assuming a circular slip surface of failure. 
A flow slide occurs when internal and external conditions force a soil to behave like a viscous 
fluid and flow down even shallow slopes, spreading out in several directions (Figure 2.1e). The 
failure surface is ill defined in flow slides. Multiple failure surfaces usually occur and change 
continuously as flow proceeds. Flow slides can occur in dry and wet soils (Budhu, 2011). Those 
types of failure occur mainly due to when the soil is over saturated. In addition, due to 
earthquake or other dynamic motions liquefaction of the soil can be caused which will be the 
cause for flow slide. 
Block or wedge slides occur when a soil mass is shattered along joints, seams, fissures, and weak 
zones by forces emanating from adjacent soils. The shattered mass moves as blocks and wedges 
down the slope (Figure 2.1f) (Budhu, 2011). And this type of failure occurred mainly in rocks 
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which have weak joint. And those types of failures can be analyzed by different types of Rock 
mass classification methods. Since in the limit equilibrium method is only considering the static 
equilibrium condition and Mohr-Coulomb criterion; that is, the solution to the problem is the 
analysis of the equilibrium of forces at the moment of the failure of soil mass. However, there is 
a restriction of Mohr-Coulomb criterion to the description of rock mass; for example, it fails to 
explain the impact of high stress areas but only reflects the feature of linear failure in rock mass. 
To overcome the above shortcomings, based on large amount of rock tests and related materials, 
Hoek and Brown (2002) proposed Hoek-Brown criterion which can reflect intrinsic 
characteristics including the rock strength, the number of rock joints, and the impact of stress 
state on rock strength as well as the feature of nonlinear failure. The criterion matches 
characteristics of deformation and failure well which won the high reputation and wide 
application in geological engineering (Hang Lin, 2014).   For this study will focus only on the 
static equilibrium methods and Mohr- coulomb criterion by the limit equilibrium methods of soil 
mass only and the rotational type of failure will be covered. 
 
Fig 2.1 Some common types of slope failure (Budhu, 2011). 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 9 
 
2.4 Causes of Slope Failure 
Slope failures are caused by different factors which are manmade and natural; in general slope 
failure are caused by natural forces, human activities and burrowing animals. Some of the main 
causes of slope failures are described here under. 
1. Gravitational force 
2. Force due to seepage water 
3. Erosion of the surface of slopes due to flowing water 
4. The sudden lowering of water adjacent to a slope 
5. Forces due to earthquakes (Murthy, 2002). 
Those causes for the failure of slopes induces movement of the soil mass in different forms most 
often sliding from the top point to the bottom point. Among those factors the force of gravity is 
the most prominent one. In addition, the effect of flowing water inside the soil mass or on the 
surface can greatly reduce the effective shear strength of the soil which will cause slope failure, 
but since the measurement of its effect is difficult to quantify, these effects have not been 
properly identified. Some of the main causes of slope failure are described here under. 
2.4.1 Erosion 
Erosion of slope surface by water and wind continuously is one of the causes of slope failure. For 
example, in the design of an embankment dam provision of rip-rap can reduce the erosion. The 
sloping surface of a soil mass geometry can be changed by erosion. (Figure 2.2a), which result 
the soil mass for failure or a landslide. Heavy rain falls, rivers, streams usually continuously 
scour their banks, undermining their natural or man-made slopes. (Figure 2.2b) (Budhu, 2011). 
Therefore, in the analysis of slope depending on the site condition the level of rainfall intensity, 
the wind pressure intensity and other parameters related to erosion must be investigated and 
included the analysis. 
On the other hand, erosion in the form of undercutting at the toe may increase the height of the 
slope, or decrease the length of the incipient failure surface, thus decreasing the stability 
(Murthy, 2002). This condition is mostly recognized in many quarry sites, in the quarrying of 
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selected materials and rocks for different purposes the toes under the mountains are excavated, 
such process will result the in stability of slopes of mountains.  
2.4.2 Rainfall 
Rain fall is also one of the causes of slope failure that must be investigated. Long periods of 
rainfall saturate, soften, and erode soils. Water enters into existing cracks and may weaken 
underlying soil layers, leading to failure, for example, mud slides (Figure 2.2c) (Budhu, 2011). 
2.4.3 Earthquakes 
Earthquakes induce dynamic forces (Figure 2.2d), especially dynamic shear forces that reduce 
the shear strength and stiffness of the soil. Porewater pressures in saturated coarse-grained soils 
could rise to a value equal to the total mean stress and cause these soils to behave like viscous 
fluids—a phenomenon known as dynamic liquefaction. Structures founded on these soils would 
collapse; structures buried within them would rise. The quickness (a few seconds) with which the 
dynamic forces are induced prevents even coarse-grained soils from draining the excess pore 
water pressures. Thus, failure in a seismic event often occurs under undrained condition (Budhu, 
2011). This condition may also apply when the slopes are subjected to all dynamic loads such as 
machineries and etc. Since earthquake is not a major concern in our country, liquefaction of soils 
is not a significant problem due to earthquake. But vibrations due to many types of machinery 
can cause liquefaction problems, therefore in designing and analysis of slopes subjected to such 
vibrations, considerations of the dynamic loads is very necessary. 
2.4.4 Geological Features 
Many failures commonly result from unidentified geological features. A thin seam of silt (a few 
millimeters thick) under a thick deposit of stiff clay can easily be overlooked in drilling 
operations, or one may be careless in assessing borehole logs only to find later that the presence 
of the silt caused a catastrophic failure. Sloping, stratified soils are prone to translational slide 
along weak layers (Figure 2.2e). Particular attention to geological features in assessing slope 
stability should be given (Budhu, 2011). 
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2.4.5 External Loading 
Loads placed on the crest of a slope (the top of the slope) add to the gravitational load and may 
cause slope failure (Figure 2.2f). A load placed at the toe, called a berm, will increase the 
stability of the slope. Berms are often used to remediate problem slopes (Budhu, 2011). External 
loads maybe both static and dynamic loads. 
2.4.6 Construction Activities 
In many instances slopes are commonly stable in nature, even if they are not stable, slopes tend 
to be stable naturally. The activities of humans are the main reason for making slopes to fail. One 
of the main activities is construction. Construction activities on the top of the crest, on the 
sloping surface and on toe of the slope can cause failure. Construction near the toe of an existing 
slope can cause failure because lateral resistance is removed (Figure 2.2g). We can conveniently 
divide slope failures due to construction activities into two cases. The first case is excavated 
slope and the second case is fill slope (Budhu, 2011). Excavated slopes are those that are formed 
for the need of space for construction, whereas fill slopes are those formed as an embankment for 
road or dam construction in both cases stability analysis will be performed.  
      2.4.6.1 Excavated Slopes  
When excavation occurs, the total stresses are reduced and negative pore water pressures are 
generated in the soil. With time the negative pore water pressures dissipate, causing a decrease in 
effective stresses and consequently lowering the shear strength of the soil. If slope failures were 
to occur, they would most likely take place after construction is completed. Stress paths can 
provide insight on the possible effects of excavation on slope stability (Budhu, 2011). Excavated 
slopes should be based on the design and analysis. 
      2.4.6.2 Fill Slopes   
Fill slopes are common in embankment construction. Fill (soil) is placed at the site and 
compacted to specifications, usually greater than 95% Proctor maximum dry unit weight. The 
soil is invariably unsaturated, and negative pore water pressures develop. The soil on which the 
fill is placed, which we will call the foundation soil, may or may not be saturated. If the 
foundation soil is saturated, then positive pore water pressures will be generated from the weight 
of the fill and the compaction process. The effective stresses decrease, and consequently the 
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shear strength decreases. With time the positive pore water pressures dissipate, the effective 
stresses increase, and so does the shear strength of the soil. Thus, slope failures in fill slopes are 
most likely to occur during or immediately after construction (Budhu, 2011). 
2.4.7 Rapid Drawdown 
When there is a lowering of the ground water or of a free water surface adjacent to the slope, for 
example in a sudden drawdown of the water surface in a reservoir there is a decrease in the 
buoyancy of the soil which is in effect an increase in the weight. This increase in weight causes 
increase in the shearing stresses that may or may not be in part counteracted by the increase in 
shearing strength, depending upon whether or not the soil is able to undergo compression which 
the load increase tends to cause. If a large mass of soil is saturated and is of low permeability, 
practically no volume changes will be able to occur except at a slow rate, and in spite of the 
increase of load the strength increase may be inappreciable (Murthy, 2002). 
Reservoirs can be subjected to rapid drawdown. In this case the lateral force provided by the 
water is removed and the excess pore water pressure does not have enough time to dissipate 
(Figure 3i). The net effect is that the slope can fail under undrained condition. If the water level 
in the reservoir remains at low levels and failure did not occur under undrained condition, 
seepage of groundwater would occur and the additional seepage forces could provoke failure 
(Figure 2.2j) (Budhu, 2011). These scenarios mainly occur in embankment dams, where there is 
rapid fluctuation of water level. This condition is also related to the lateral face of the slope is 
loosening its support when the sudden draw down of the water level and when the un drained 
compressive strength of the soil is changed into the drained condition. 
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Fig 2.2 Some causes of slope failure (Budhu, 2011). 
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2.5 Slope Stability Analysis 
Slope stability can be analyzed using one of the following methods presented by different 
scholars: the limit equilibrium method, limit analysis, the finite difference method, and the finite 
element method. Limit equilibrium is often the method of choice, but the finite element method 
(FEM) or the finite difference method (FDM) is more flexible and general. Whereas limit 
analysis is more advanced method for computation, hence emphasis is not given to the limit 
analysis. 
Conventional slope stability analyses investigate the equilibrium of a mass of soil bounded 
below by an assumed potential slip surface and above by the surface of the slope. Forces and 
moments tending to cause instability of the mass are compared to those tending to resist 
instability. Most procedures assume a two-dimensional (2-D) cross section and plane strain 
conditions for analysis. Successive assumptions are made regarding the potential slip surface 
until the most critical surface (lowest factor of safety) is found. If the shear resistance of the soil 
along the slip surface exceeds that necessary to provide equilibrium, the mass is stable. If the 
shear resistance is insufficient, the mass is unstable. The stability or instability of the mass 
depends on its weight, the external forces acting on it (such as surcharges or accelerations caused 
by dynamic loads), the shear strengths and porewater pressures along the slip surface, and the 
strength of any internal reinforcement crossing potential slip surfaces (Budhu, 2011). Among the 
various method of analysis for slope stability the limit equilibrium and finite method will be 
discussed in this study and a comparison will be made between the two methods. 
2.5.1 Limit Equilibrium Method  
Traditional limit-equilibrium techniques are the most commonly-used analysis methods for slope 
stability problems.  In the limit equilibrium method problems are approached with the following 
assumptions:  i) A predetermined failure mechanism is assumed, ii) Normally the analysis is 
carried out in a 2 -D framework ignoring the 3-D effects (although in reality slopes are three 
dimensional), iii) The soil mass is assumed to move as a rigid block, with the movement only 
taking place along the failure surface itself, iv) It is assumed that the mobilization of shear 
stresses occurs locally.  Normally, the shear stresses  are  not  usually  uniformly  mobilized  
over  the  whole length of the failure surface. However, for the purpose of analysis, it is assumed 
they are constant.  
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In the assessment of slopes, engineers primarily use factor of safety values to determine how 
close or far slopes are from failure (Noroozi, 2015). The basis for most limit equilibrium 
methods of slope stability analysis can be traced back to 1922, when the Geotechnical 
Commission was appointed by the Swedish State Railways to investigate solutions following a 
costly slope failure. The method has become known as the Swedish Slip Circle Method. This 
method assumes the slide occurs along a circular arc.   
Fellenius developed this method further, creating a method known as the “Ordinary Method of 
Slices” or Fellenius ‟ method. In any method of slices, the soil mass above the failure surface is 
subdivided into vertical slices, and the stability is calculated for each individual slices.  
Fellenius‟ Method  simplifies  the equation  by  assuming  that  the  forces  acting  on  the  sides  
of  each  slice  cancel  each  other. While this enables a solution to be determined, the assumption 
is not completely correct, and leads to low values for the computed Factor of Safety (Fellenius, 
1936). 
The approach was refined by accounting for the interslice normal forces, thus calculating the 
factor of safety (FOS) with increased accuracy. The method of slices thus developed is known as 
the “Simplified Bishop’s Method” (Bishop, 1955). However, Bishop’s Method still does not 
satisfy all  the  conditions  of  static  equilibrium  (i.e.,  summation  of  horizontal  forces  is 
missing); therefore, it is an incomplete equilibrium method. 
In 1967, Spencer developed  a  complete  equilibrium  method  known  as  Spencer’s Method,  
which  satisfies  both  force  and  moment  equilibrium  forces.  As a result, the FOS calculated 
by this method should be more precise. This method can also be adapted for use with  non-
circular  slip  surfaces,  which  is  useful  because  many  slope  failures  do  not  have circular 
failure surfaces (Spencer, 1967). 
Other methods of slices for calculating stability for non-circular failure surfaces include “Janbu‟s  
Rigorous  Method”  and  “Janbu‟s  Simplified  Method” (Janbu, 1954).  Janbu’s rigorous method 
accounts for the interslice forces; his simplified method assumes these forces are zero, but 
includes a correction factor to compensate for the interslice forces. An alternative method for 
analyzing slides with a noncircular failure path was developed by Morgenstern and Price 
(Morgenstern, 1965). This method satisfies all equations  of  statically  equilibrium,  and  is  
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known  as  the “Morgenstern-Price Method”. Detail description of some of the most common 
limit equilibrium methods will be given here under. 
2.5.1.1 Ordinary Method of Slice 
The Ordinary Method of Slices (OMS) was developed by Fellenius (1936) and is sometimes 
referred to as “Fellenius’ Method.” In this method, the forces on the sides of the slice are 
neglected (Figure 2.3). The normal force on the base of the slice is calculated by summing forces 
in a direction perpendicular to the bottom of the slice. Once the normal force is calculated, 
moments are summed about the center of the circle to compute the factor of safety. For a slice 
and the forces shown in Figure 2.3, the factor of safety is computed from the equation 1 (US 
Army Corps of Engineers, 2003) There is only one unknown in the Ordinary Method of Slices 
(which is the factor of safety (FOS)), and only one equilibrium equation is used (the equation of 
equilibrium of the entire soil mass around the center of the circle). 
𝑭𝑶𝑺 =  
∑[𝒄′∆𝒍 + (𝑾𝒄𝒐𝒔𝜶 − 𝒖∆𝒍𝒄𝒐𝒔𝟐𝜶)𝒕𝒂𝒏 ∅′]
∑ 𝑾𝒔𝒊𝒏𝜶
… … … … . . … … . . … . . (𝟏) 
                            Where 
                                   C’ and ∅’ = shear strength parameters for the center of the base of the slice 
                                    W = weight of the slice 
                                    α = inclination of the bottom of the slice 
           u = pore water pressure at the center of the base of the slice 
                                    Δl = length of the bottom of the slice 
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Fig 2.3 Typical slice and forces for ordinary method of slices (US Army Corps of Engineers, 
2003) 
The factor of safety in this method can be determined with two ways, with effective stresses and 
porewater pressures. The first equation is shown above as Equation 1. Equation 1 is derived by 
first calculating an “effective” slice weight, W', by subtracting the uplift force due to pore water 
pressure from the weight, and then resolving forces in a direction perpendicular to the base of the 
slice (Figure 4). The other OMS equation for effective stress analyses is written as: (US Army 
Corps of Engineers, 2003) 
𝑭𝑶𝑺 =  
∑[𝒄′∆𝒍 + (𝑾𝒄𝒐𝒔𝜶 − 𝒖∆𝒍)𝒕𝒂𝒏 ∅′]
∑ 𝑾𝒔𝒊𝒏𝜶
… … … … … … … … . … … . . (𝟐) 
Equation 2 is derived by first resolving the force because of the total slice weight (W) in a 
direction perpendicular to the base of the slice and then subtracting the force because of pore 
water pressures. Equation 1 leads to more reasonable results when pore water pressures are used. 
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Equation 2 can lead to unrealistically low or negative stresses on the base of the slice because of 
pore water pressures and should not be used (US Army Corps of Engineers, 2003). 
The drawback of this method is it didn’t consider the forces on the sides of the slice. It didn’t 
also satisfy the equilibrium of forces in either vertical or horizontal directions. Hence moment 
equilibrium is achieved for the soil mass above the slip surface, but not for individual slices.  
Factors of safety calculated by the OMS may commonly differ as much as 20 percent from 
values calculated using rigorous methods (Whiteman, 1967); in extreme cases (such as effective 
stress analysis with high pore water pressures), the differences may be even larger. The error is 
generally on the safe side (calculated factor of safety is too low), but the error may be so large as 
to yield uneconomical designs. Because of the tendency for errors to be on the “safe side,” the 
OMS is sometimes mistakenly thought always to produce conservative values for the factor of 
safety. This is not correct. When φ= 0, the OMS yields the same factor of safety as more rigorous 
procedures, which fully satisfy static equilibrium. Thus, the degree to which the OMS is 
conservative depends on the value of φ and whether the pore pressures are large or small (US 
Army Corps of Engineers, 2003). Therefore, by using the OMS method one can’t be sure of the 
analysis is economical or safe. Therefore, it is recommended to consider other methods of 
analysis that satisfies all the equilibrium equations. 
2.5.1.2 Bishop’s Simplified Method 
Bishop's method of slices (1955) is useful if a slope consists of several types of soil with 
different Values of c and ∅and if the pore pressures u in the slope is known or can be estimated. 
(Bishop, 1955). Bishop assumes the vertical interslice forces in both direction of slice are equal 
and their lines of action coincide. Therefore, by this assumption an approximate solution may be 
obtained, since neglecting those forces can change the equation into statically determinate 
equation. The factor of safety (FOS) using the simplified bishop method can be determined by 
equation 3. 
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Fig 2.4 Side forces in Bishops method 
𝐅𝐎𝐒 =
𝐅𝐑
𝐅𝐭
=  
[𝐜′𝐥 + (𝐖𝐜𝐨𝐬𝛉 − 𝐮𝐥)𝐭𝐚𝐧∅]
𝐖 𝐬𝐢𝐧𝛉
… … … … … … … … . … … … … (𝟑) 
Bishop suggests that the accuracy of the analysis can be improved by taking into account the 
forces on the vertical faces of each slice.  
𝐅𝐎𝐒 =  
∑{𝐜′𝐥𝐜𝐨𝐬𝛉 + [(𝐖 − 𝐔𝐜𝐨𝐬 𝛉) + ∆𝐓] 𝐭𝐚𝐧 ∅′}
𝟏
𝐦𝛉
∑ 𝐖 𝐬𝐢𝐧 𝛉
… … … … . . … . (𝟒) 
                         Where,  
                                   C’ and ∅’ = shear strength parameters for the center of the base of the slice 
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                                    W = weight of the slice 
                                         θ = inclination of the bottom of the slice 
                                    u = pore water pressure at the center of the base of the slice 
            Δl = length of the bottom of the slice 
 𝑚𝜃 = cos 𝜃 +  
tan ∅′ sin 𝜃
FOS
… … … … … … … … … … … … . . … … … … … … … . (𝟓) 
          ΔT = T1 – T2, T1 & T2 are shear forces on the vertical faces of each slice  
The factor of safety FOS is present in Eq. (4) on both sides. The quantity ΔT = T1 – T2 has to be 
evaluated by means of successive approximation. Trial values of E1 andT1, that satisfy the 
equilibrium of each slice, and the conditions are used. The value of FOS may then be computed 
by first assuming an arbitrary value for FOS. The value of FOS may then be calculated by 
making use of Eq. (4). If the calculated value of FOS differs appreciably from the assumed 
value, a second trial is made and the computation is repeated. Figure 8 developed by Janbu et al. 
(1956) helps to simplify the computation procedure. 
It is reported that an error of about 1 percent will occur if we assume Σ(T1-T2) tan ∅' = 0. But if 
we use the conventional method of analysis the error introduced is about 15 percent (Bishop, 
1955). 
 
Fig 2.5 Value of 𝑚𝜃 (after Janbu et al., 1956) 
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Horizontal equilibrium of forces is not satisfied by the Simplified Bishop Method. Because 
horizontal force equilibrium is not completely satisfied, the suitability of the Simplified Bishop 
Method for pseudo-static earthquake analyses where an additional horizontal force is applied is 
questionable. The method is also restricted to analyses with circular shear surfaces (US Army 
Corps of Engineers, 2003). 
It has been shown by a number of investigators (Whitman and Bailey 1967; Fredlund and Krahn 
1977) that the factors of safety calculated by the Simplified Bishop Method compare well with 
factors of safety calculated using rigorous methods, usually within 5 percent. Furthermore, the 
procedure is relatively simple compared to more rigorous solutions, computer solutions execute 
rapidly, and hand calculations are not very time-consuming. The method is widely used 
throughout the world, and thus, a strong record of experience with the method exists. The 
Simplified Bishop Method is an acceptable method of calculating factors of safety for circular 
slip surfaces. It is recommended that, where major structures are designed using the Simplified 
Bishop Method, the final design should be checked using Spencer’s Method (US Army Corps of 
Engineers, 2003). 
When the Simplified Bishop Method is used for computer calculations, results can be verified by 
hand calculations using a calculator or a spreadsheet program, or using slope stability charts. An 
approximate check of calculations can also be performed using the Ordinary Method of Slices, 
although the OMS will usually give a lower value for the factor of safety, especially if φ is 
greater than zero and pore pressures are high (US Army Corps of Engineers, 2003). 
2.5.1.3 Janbu’s Simplified Method 
Janbu (1973) assumed a noncircular slip surface (Figure 2.6a). The forces acting on a slice are as 
shown in Figure 2.6b. Janbu considered equilibrium of horizontal forces and assumed that Ej - 
Ej+1 =0. The factor of safety, defined with respect to equilibrium of horizontal forces, is (US 
Army Corps of Engineers, 2003). 
𝐹𝑆 =  
∑ 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
∑ 𝐷𝑖𝑠𝑡𝑢𝑟𝑏𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
=  
∑(𝑇𝑓)𝑖 cos 𝜃𝑗
∑[𝑊𝑗 +  (𝑥𝑗 − 𝑥𝑗+1)] tan 𝜃𝑗
… … … … . . (𝟔) 
                                      Where  
                                            Tf = Shear resistance acting on the base of the slice 
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                                                   𝜃𝑗= the inclination of the failure surface to the horizontal 
                                             W = Weight of the slice 
Xj & Xj+1 = shear forces on the vertical faces of the slice as shown in figure 2.6. 
Janbu replaced the interslice shear forces by a correction factor fo. The simplified form of 
Janbu’s equation is (Budhu, 2011). 
𝐹𝑆 =  
∑ 𝑓𝑜𝑊𝑗(1 − 𝑟𝑢) 𝑚𝑗tan ∅j
′cos 𝜃𝑗  
∑ 𝑊𝑗 tan 𝜃𝑗
… … … … … … … … … … … . … . . (𝟕) 
             Where: 
                   𝑓𝑜  = correction factor 
                  𝑟𝑢 = pour water pressure ratio = 
𝑢𝑗𝑏𝑗
𝑊𝑗
, bi is the width of the slice and uj the pore pressure. 
                  𝑚𝑗 = 
1
cos 𝜃𝑗+ 
tan(∅′)𝑗 sin 𝜃𝑗
𝐹𝑂𝑆
… … … … … … … … … … … … … … … … … . . … … … … … . . … … . . (𝟖) 
 
Fig 2.6 Failure surface proposed by Janbu and forces on a slice of soil 
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Fig 2.7 Correction factor for Janbu’s method 
2.5.1.4 Spencer’s Method 
Spencer’s Method assumes that the side forces are parallel, i.e., all side forces are inclined at the 
same angle. However, the side force inclination is not assumed, but instead is calculated as part 
of the equilibrium solution. Spencer’s Method also assumes that the normal forces on the bottom 
of the slice act at the center of the base – an assumption which has very little influence on the 
final solution. Spencer’s Method fully satisfies the requirements for both force and moment 
equilibrium (US Army Corps of Engineers, 2003). 
Although Spencer (1967) originally presented his method for circular slip surfaces, Wright 
(1969) showed that the method could readily be extended to analyses with non-circular slip 
surfaces. A solution by Spencer’s Method first involves an iterative, trial and error procedure in 
which values for the factor of safety (FOS) and side force inclination (θ) are assumed repeatedly 
until all conditions of force and moment equilibrium are satisfied for each slice. Then the other 
values of are evaluated for each slice (US Army Corps of Engineers, 2003). 
Spencer’s Method requires computer software to perform the calculations. Because moment and 
force equilibrium must be satisfied for every slice and the calculations are repeated for a number 
of assumed trial factors of safety and interslice force inclinations, complete and independent 
hand-checking of a solution using Spencer’s Method is impractical (US Army Corps of 
Engineers, 2003). 
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The use of Spencer’s Method for routine analysis and design has become practical as computer 
resources improve. The method has been implemented in several commercial computer programs 
and is used by several government agencies. Spencer’s Method should be used where a statically 
complete solution is desired. It should also be used as a check on final designs where the slope 
stability computations were performed by simpler methods (US Army Corps of Engineers, 
2003). 
Complete and independent hand-checking of a solution using Spencer’s Methods is impractical 
because of the complexity of the method and the lengthy calculations involved. Instead the force 
equilibrium procedure is recommended, using either the graphical or numerical solution 
methods. When checking Spencer’s Method using the force equilibrium procedure, the side force 
inclination (θ) is assumed to be the same as the one found using Spencer’s Method. In this case 
(same side force inclination), both the force equilibrium procedure and Spencer’s Method should 
produce the same value for the factor of safety (US Army Corps of Engineers, 2003). 
2.5.1.5 Morgenstern-Price Method 
Morgenstern and Price proposed a method that is similar to Spencer's method, except that the 
inclination of the interslice resultant force is assumed to vary according to a "portion" of an 
arbitrary function. This method allows one to specify different types of interslice force function 
(Morgenstern, 1965). 
Morenstern-price method assumes an arbitrary mathematical function to describe the direction of 
the insterslice forces. 
                                                         𝜆. 𝑓(𝑥) =
𝑥
𝐸
… … … … … … … … … … … … … … … … … … … . (𝟗) 
                    Where: λ= (lambda) a constant to be evaluated when solving for the factor of safety. 
                                 f(x) = functional variations with respect to x. 
figure 2.8 shows typical functions (i.e. f(x)). When the function is a constant, the Morgenstern-
price method is the same as spencer method. Figure 2.8 shows how the half sine function and 
lambda are used to designate the direction of the interslice forces. 
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Morgenstern and price(1965) based their solution on the summation of tangential and normal 
forces to each slice. 
 
Fig 2.8 Functional variation of the direction of the side force with respect to the x direction 
 
Fig 2.9 Side force designation for the Morgenstern- price method 
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2.5.2 Finite Element Method 
Finite Element method has become more preferable and common in geotechnical analysis as 
computer performance has improved. These methods have several advantages: to model slopes 
with a degree of very high realism (complex geometry, sequences of loading, presence of 
material for reinforcement, action of water, laws for complex soil behavior) and to better 
visualize the deformations of soils in place. However, it is critical to understand the analysis 
output due to the larger number of variables offered to the engineer (Farook, 2014). 
The finite element method (FEM) can be used to compute displacements and stresses caused by 
applied loads. However, it does not provide a value for the overall factor of safety without 
additional processing of the computed stresses. The principal uses of the finite element method 
for design are as follows (Michael, 1996):  
(1)  Finite element analyses can provide estimates of displacements and construction pore water 
pressures. These may be useful for field control of construction, or when there is concern for 
damage to adjacent structures. If the displacements and porewater pressures measured in the field 
differ greatly from those computed, the reason for the difference should be investigated.  
(2) Finite element analyses provide displacement pattern which may show potential and possibly 
complex failure mechanisms. The validity of the factor of safety obtained from limit equilibrium 
analyses depends on locating the most critical potential slip surfaces. In complex conditions, it is 
often difficult to anticipate failure modes, particularly if reinforcement or structural members 
such as geotextiles, concrete retaining walls, or sheet piles are included. Once a potential failure 
mechanism is recognized, the factor of safety against a shear failure developing by that mode can 
be computed using conventional limit equilibrium procedures.  
(3) Finite element analyses provide estimates of mobilized stresses and forces. The finite element 
method may be particularly useful in judging what strengths should be used when materials have 
very dissimilar stress-strain and strength properties, i.e., where strain compatibility is an issue. 
The FEM can help identify local regions where “overstress” may occur and cause cracking in 
brittle and strain softening materials. Also, the FEM is helpful in identifying how reinforcement 
will respond in embankments. Finite element analyses may be useful in areas where new types of 
reinforcement are being used or reinforcement is being used in ways different from the ways for 
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which experience exists. An important input to the stability analyses for reinforced slopes is the 
force in the reinforcement. The FEM can provide useful guidance for establishing the force that 
will be used. If desired, factors of safety equivalent to those computed using limit equilibrium 
analyses can be computed from results of finite element analyses.  
      Stress Reduction Technique  
To analyze slopes, the strength reduction method is applied. This method is based on the 
reduction of the cohesion (c) and the tangent of the friction angle (tan φ) of the soil. The 
parameters are reduced in steps until the soil mass fails. 
Various computer programs which are based on the finite element method use stress reduction 
method in analysis of slope. 
The global safety factor of slope in finite element Shear strength reduction technique (SSRFEM) 
is identical to the one in limit equilibrium methods. The reduced strength parameters c'F and φ'F 
are defined by (Nakamura, 2002) 
𝑐𝐹
′ =
𝑐′
𝐹
 , ∅𝐹
′ = 𝑡𝑎𝑛−1 (
𝑡𝑎𝑛∅′
𝐹
) … … … … … … … … … . … … . (𝟏𝟎) 
In SSRFEM, firstly, the initial stresses in slope are computed using the elastic finite element 
analysis. The vector of externally nodal forces consists of three parts: (1) surface force; (2) body 
force (total unit weight of soils); and (3) pore water pressure. Secondly, stresses and strains are 
calculated by the elasto-plastic finite element analysis, where the reduced shear strength criterion 
(Nakamura, 2002).  
The shear strength reduction factor F is initially selected to be so small, for example 0.01, that 
the shear strength is large enough to keep the slope in elastic stage. Stresses at some Gaussian 
points reach the yielding condition with the shear strength reduction factor F in Equation 3 
increased gradually (Nakamura, 2002). 
When the stress at anyone Gaussian point reaches the yielding condition, the increment of the 
shear strength reduction factor will make stresses at more Gaussian points reach the yielding 
condition because of the residual force induced by the decrease in the shear strength soils 
(Nakamura, 2002). 
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The shear strength reduction factor F increases incrementally until the global failure of the slope 
reaches, which means that the finite element calculation diverges under a physically real 
convergence criterion. The lowest factor of safety of slope lies between the shear strength 
reduction factor F at which the iteration limit is reached, and the immediately previous one. The 
procedure described hereby can predict the factor of safety within one loop, and can be easily 
implemented in a computing code (Nakamura, 2002). 
One of the main advantages of SSRFEM is that the safety factor emerges naturally from the 
analysis without the user having to commit to any particular from of the mechanism a priori. 
When the slope stability is evaluated with the effective stress method, the pore water pressure is 
usually predicted with the finite element seepage analysis or Biot's consolidation theory. If the 
same finite element mesh is used for the seepage or consolidation analysis and SSRFEM, the 
water pressure, predicted in the seepage or consolidation analysis, can be directly used in 
SSRFEM. This can simplify the slope stability analysis, and consider more accurately the 
influence of the seepage force (Nakamura, 2002). 
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3. Materials and Methods 
3.1 General  
Many different solution techniques for slope stability analysis have been developed over the 
years. Analysis of slope stability is one of the oldest type of numerical analysis in geotechnical -
engineering. In this project, comparison has been made between the Limit Equilibrium Method 
and Finite Element Method.  
For analysis of both methods, three different soil mass sections of the Wukro – Atsbi – Koneba 
road project has been selected for the analysis. This road is located in the northern part of 
Ethiopia. The formation of the different types of soils are facilitated by the prevailing 
environmental factors of the area. The climatic conditions, geology and geographic set up of an 
area have impact on the formation of a soil mass. It is necessary to identify the description of 
study area, climate, population, traffic study, geology and soil characteristics. 
3.2 Study Area 
This study is located 848 km to the North of Addis Ababa and 45 km far from Mekelle town in 
the eastern administrative zone of Tigray region with an altitude of 13°47′30′′N and longitude of 
39°35′57′′E. It is situated in area having an elevation of 1977 m above sea level. The area has 
clearly defined rainy season from July to September followed by long dry season from October 
to June. The mean annual rainfall is 610 mm. The minimum and maximum temperature range 
from 8.3°C to 31°C, respectively (Board, 2009). 
 
 
 
 
 
 
       Fig 3.1 Location of the study area 
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3.3 Demography  
Based on the 2007 national census conducted by the central statistical agency, this town has a 
total population of 30,210, of whom 14,056 are men and 15,154 are women. A total of 9,383 
households were counted in this town, resulting in an average of 3.22 Persons to a household, 
and 8,993 housing units. The 1994 census reported the town had a total population of 16,421 of 
whom 7,427 were men and 8,994 were women (Wekipedia, 2017). 
3.4 Traffic Study 
The traffic count has been done in 2015, 2015 is selected as the base year and it is assumed that 
the road will be opened for the traffic by 2020. And based on the specific nature of the project, 
the project road is divided into two sections namely Wukro - Atsbi and Atsbi - Koneba. The 
summary of the traffic count is shown below (Stadia, 2017). 
Table 3.1 AADT Wukro Atsbi section (Motorized Traffic) (Stadia, 2017). 
Year Cars LDV S/Bus L/Bus S/Truck M/Truck H/Truck T & T Total 
2020 4 116 196 0 109 48 11 2 486 
2021 4 127 214 0 120 53 12 2 533 
2022 5 140 234 0 132 58 13 2 584 
2023 5 153 256 0 145 64 15 3 641 
2024 6 168 280 0 160 70 16 3 703 
2025 6 184 306 0 175 77 18 3 770 
2026 7 201 332 0 191 84 19 4 838 
2027 8 218 361 0 208 92 21 4 912 
2028 8 238 393 0 227 100 23 4 993 
2029 9 259 427 0 248 109 25 5 1080 
2030 10 281 464 0 270 119 27 5 1176 
2031 11 306 504 0 294 130 30 5 1279 
2032 11 333 548 0 321 141 32 6 1392 
2033 12 362 595 0 349 154 35 6 1515 
2034 14 394 647 0 381 168 38 7 1649 
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Table 3.2 AADT Atsbi –Koneba section (Non-Motorized Traffic) (Stadia, 2017). 
Year Cars LDV S/Bus L/Bus S/Truck M/Truck H/Truck T & T Total 
2020 0 69 70 0 72 19 2 0 232 
2021 0 76 77 0 79 21 2 0 255 
2022 0 83 84 0 87 23 2 0 279 
2023 0 91 91 0 96 25 3 0 306 
2024 0 100 100 0 105 28 3 0 336 
2025 0 110 109 0 116 31 3 0 369 
2026 0 119 119 0 126 33 4 0 401 
2027 0 130 129 0 138 36 4 0 437 
2028 0 141 140 0 150 40 4 0 475 
2029 0 154 152 0 164 43 5 0 517 
2030 0 167 166 0 178 47 5 0 563 
2031 0 182 180 0 194 51 5 0 613 
2032 0 198 196 0 212 56 6 0 667 
2033 0 216 213 0 231 61 6 0 726 
2034 0 235 231 0 252 66 7 0 791 
The study area is also characterized by high volume non-motorized traffic movements dominated 
by pedestrians and pack animals despite the presence of the existing road and public transport.  
3.5 Geology of the study area 
The study area is geologically summarized as Mekele sheets, which is physiographical 
categorized as the Tigre Plateau, the Mekele Outlier, Escarpment and the Danakil Dispersion 
according to the geological map produced by the Geological Survey of Ethiopia (GSE).  
The geology is characterized by rocks of varying composition ranging in age from Precambrian 
to Quaternary. The Sedimentary succession of the rocks comprises of tillite with conglomerate, 
limestone, clay, siltstone, sandstone and conglomerate, overlying the Precambrian basement 
rocks. The tertiary rock along the road corridor is represented by alluvial terraces and fans of 
Silt, sand and gravel (Stadia, 2017).   
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3.6 Soil Characteristics  
The soil types of the study area one of the necessary parameters needed to determine the soil 
stability. In general, the overall soil type of the study area are Slightly to Moderately weathered 
and fractured blocks of sandstone rocks and Highly weathered and decomposed sandstone rocks, 
Light brown to yellowish moderately weathered, cross bedded, oolithic limestone and Light red 
to light gray silty clay soil overlaying moderately weathered sandstone rocks and Light red to 
Light brown clayey silt soil/silty sand soil mixed with some gravel, with percentage composition 
of 45.3%, 22% and 18.3%, respectively (Stadia, 2017). 
3.7 Selected slope sections for Analysis 
From the overall sections of the study area, the list of road sections that require further 
geotechnical investigation and slope stability analysis are provided from the feasibility study of 
road project. Based on this, three sections are selected for analysis in this study that helps to 
compare the limit equilibrium and finite element method. For the first case 1:3 Slope of 
homogenous silty sand soil mass is selected, for the second case 1:2 slope of poorly graded 
gravel bounded with silty gravel is selected and for the third case 1:1 slope of homogenous clay 
soil is selected for analysis. 
3.8 Data Collection 
In this section, three problems are computed to establish the effectiveness of the finite element 
method in solving slope stability problems. The first problem is simple single layered slope 
where both the material properties i.e. c (cohesion) and ∅ (angle of internal friction) are 
considered. The second problem refers to a slope having multi layers. In this case also both c and 
∅ are considered as material properties. In the third problem, slope of homogeneous layer 
including a free surface is carried out. In all the three cases, limit equilibrium methods (Ordinary 
slice, spencer, bishop, janbu and morgenstern & price method,) are also used to compute the 
factor of safety and the results are compared to that obtained from FEM.  
Using the type of the soil given on each section of the selected problems, the angle of friction, 
cohesion and poisson’s ratio values are determined from their representative values put under 
USCS & Bowles (1997), the geometries of the slopes are taken from the survey data report of 
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selected cross sections. The other parameters like modulus of elasticity, unit weight, dilatancy 
are assumed for computing the analysis.  
Data’s for Case 1 
Single layered Silty Sand homogeneous, c’-∅’ slopes 
Material parameters 
 Cohesion (C’) = 9.8 Kpa 
Angle of internal friction (-∅) = 270 
Dilatancy (Ψ)= 0 
Unit weight (γsat) = 17 KN/m3,  
Modulus of elasticity (E’) = 20MPa 
Poisson’s ratio (υ’) = 0.33 
Data’s for Case 2 
Two-layer of c’-∅’ slope of poorly graded gravel bounded with silty gravel 
Material parameters 
For layer 1 
Angle of internal friction (-∅) = 300 
Cohesion (C’) = 1 Kpa 
Dilatancy (Ψ) = 0 
Unit weight (γ) = 20 KN/m3 
Modulus of elasticity (E’) = 2 E4 KN/m2 
Poisson’s ratio (υ’) = 0.3 
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For layer 2 
Angle of internal friction (-∅) = 320 
Cohesion (C’) = 0.5 Kpa 
Dilatancy (Ψ) = 0 
Unit weight (γ) = 20 KN/m3 
Modulus of elasticity (E’) = 2e4 KN/m2 
Poisson’s ratio (υ’) = 0.3 
Data’s for Case 3 
Single layered homogeneous clay soil, c’ -∅’ slope including a free surface is carried out. The 
free surface location is assumed. 
Material parameters 
Angle of internal friction (-∅) = 180 
Cohesion (C’) = 86 Kpa 
Dilatancy (Ψ) = 0 
Unit weight (γ) = 17 KN/m3 
Modulus of elasticity (E’) = 2e4 KN/m2 
Poisson’s ratio (υ’) = 0.3 
3.9 Analysis Methods 
3.9.1 Limit Equilibrium Methods using Slope/W 
Modern limit equilibrium software is making it possible to handle ever increasing complexity 
within an analysis. It is now possible to deal with complex slopes, highly irregular pore-water 
pressure conditions, and various linear and nonlinear shear strength models, almost any kind of 
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slip surface shape, distributed or concentrated loads, and structural reinforcement. Limit 
equilibrium formulations based on the method of slices are also being applied more and more to 
the stability analysis of structures such as tie-back walls nail or fabric reinforced slopes, and even 
the sliding stability of structures subjected to high horizontal loading arising, for example, from 
ice flows. 
3.9.1.1 Defining the Problem  
A limit equilibrium analysis was carried out using the Slope/W software for the slope stability of 
the natural slope. It is considered three types problem in the project. The geometry was created in 
the slope /w program. Then analysis type is then selected and it is determined that failure will 
follow a right to left path. The Morgenstern Price analysis and half-sine function was selected 
but the software also gives the result of factor of safety for Ordinary, Spencer Bishop and Janbu 
analysis type. 
 3.9.1.2 Modeling 
The most common way of describing the shear strength of geotechnical materials is by 
Coulomb’s equation which is: 
τ = c + σn´tanφ … … … … … … … … … … … … … … … . . . … . (𝟏𝟏) 
Where, τ is shear strength (i.e., shear at failure), c is cohesion, σ´n is normal stress on shear 
plane, and φ is angle of internal friction. The equation 3.1 represents a straight line on shear 
strength versus normal stress plot (Figure 3.1). The intercept on the shear strength axis is the 
cohesion c and the slope of the line is the angle of internal friction Ø. 
 
Fig 3.2 Graphical representation of coulomb shear strength equation 
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The failure envelope is often determined from tri-axial tests and the results are presented in terms 
of half-Mohr circles, as shown in Figure 3.2 and Figure 3.3, hence the failure envelope is 
referred to as the Mohr-Coulomb failure envelope. 
 
Fig 3.3 Mohr-Coulomb failure envelope 
 
Fig 3.4 Undrained strength envelope 
The strength parameters c and Ø can be total strength parameters or effective strength 
parameters. Slope/W makes no distinction between these two sets of parameters. Which set is 
appropriate for a particular analysis is project specific, and is something the software user, need 
to decide. The software cannot do this. From a slope stability analysis point of view, effective 
strength parameters give the most realistic solution, particularly with respect to the position of 
the critical slip surface. 
3.9.1.3 Analysis Type 
An analysis of slope stability begins with the hypothesis that the stability of a slope is the result 
of downward or motivating forces (i.e., gravitational) and resisting (or upward) forces. The 
resisting forces must be greater than the motivating forces in order for a slope to be stable. The 
relative stability of a slope (or how stable it is at any given time) is typically conveyed by 
geotechnical engineers through a factor of safety. Using the analysis method explained in the 
literature review an analysis will be carried out using the ordinary methods of slice, the Spencer 
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method, the bishops method, the janbus’s method and the morgenstern & price method for limit 
equilibrium method by slope/w program. 
3.9.2 Finite Element Method using Plaxis Software 
The finite element program Plaxis 2D was used for evaluating the stability of the slopes.  
 3.9.2.1 Mesh Generation and Boundary Conditions  
In this modeling, 15-node triangular elements were used. The mesh generation of PLAXIS 
version 8.0 used here follows a robust triangulation procedure to form ‘unstructured meshes’. 
These meshes are considered to be numerically efficient when compared to regular ‘structured 
meshes’. The powerful 15-node element provides an accurate calculation of stresses and failure 
loads. The two vertical boundaries are free to move, whereas the horizontal boundary is 
considered to be fixed. The foundation soil was considered to be stiff and its stability is not 
considered in this analysis, therefore the bottom boundary is fixed. 
3.9.2.2 Material Model 
The Mohr–Coulomb model was used for this analysis. This model involves five parameters, 
namely Young’s modulus, E, Poisson’s ratio, ν, the cohesion, c, the friction angle, Ø, and the 
dilatancy angle, ψ. In this case dilatancy angle is assumed to be zero, since the change in the 
volume during the failure is not considered in this study. 
3.9.2.3 Analysis Type 
The factor of safety in PLAXIS was computed using Phi-c reduction at each case of slope 
modeling. In this type of calculation, the load advancement number of steps procedure is 
followed. The incremental multiplier Msf is used to specify the increment of the strength 
reduction of the first calculation step. The strength parameters are reduced successively in each 
step until all the steps have been performed. The final step should result in a fully developed 
failure mechanism, if not the calculation must be repeated with a larger number of additional 
steps. Once the failure mechanism is reached, the factor of safety is given by  
FOS =   = ΣMsf value of Msf at failure 
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3.10 Statistical Comparison  
T-test method is used to determine the significant difference between the two methods. The t-test 
assesses whether the means of two groups are statistically different from each other. This 
analysis is appropriate whenever you want to compare the means of two groups, and especially 
appropriate as the analysis for the posttest-only two-group randomized experimental design. The 
equation used to determine the t-value is shown below. 
𝑡 =  
𝑥1 + 𝑥2
𝑠𝑝√
1
𝑛1
+
1
𝑛2
… … … … … … … … … … … … … … . … … … . . … . (𝟏𝟐). 
Where  ; 𝑠𝑝 =  
(𝑛1−1)𝑠1
2+(𝑛2−1)𝑠2
2
𝑛1+𝑛2−2
… … … … … … … … … … … . (𝟏𝟑). 
                                                                  X1 and X2 are the mean values 
                                                                   n1 and n2 are the number of values 
The formula for the t-test is a ratio. The top part of the ratio is just the difference between the 
two means or averages. The bottom part is a measure of the variability or dispersion of the 
scores.  The top part of the formula is easy to compute, just find the difference between the 
means. The bottom part is called the standard error of the difference. To compute it, we take 
the variance for each group and divide it by the number of values in that group.  
The t-value will be positive if the first mean is larger than the second and negative if it is smaller. 
Once you compute the t-value you have to look it up in a table of significance to test whether the 
ratio is large enough to say that the difference between the groups is not likely to have been a 
chance finding. In the t-test, the degrees of freedom are the sum of the values in both groups 
minus 2. Given the alpha level, the df, and the t-value, you can look the t-value up in a standard 
table of significance to determine whether the t-value is large enough to be significant. If it is, it 
can be concluded that the difference between the means for the two groups is different (even 
given the variability).  
The degree of freedom can be determined by using the following equation. 
                       𝑓 =  𝑛1 + 𝑛2 − 2 … … … … … … … … . … … … … … … . . … (𝟏𝟒) 
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4. Results and Discussions   
4.1 Plaxis Analysis 
 4.1.1 Case One 
This problem considers a single layered homogeneous, c’- ∅’slope with foundation. The 
geometry of the slope, total displacement shading, finite mesh input, deformed mesh at failure, 
displacement vectors at failure diagrams are shown in Fig.4.1, Fig.4.2, Fig.4.3, Fig.4.4 and Fig 
4.5 respectively.  The material parameters for this particular slope are as given above:  
Gravity load is applied to the model and the strength reduction factor (SRF) gradually increased 
until convergence could not be achieved. The programs are for 2-d plane strain analysis of 
elastic-perfectly plastic soils with Mohr-Coulomb failure criterion utilizing 15-node elements. 
 
Fig 4.1 Geometry of the slope for case 1 
 
Fig 4.2 Total displacement shading 
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Fig 4.3 Finite mesh input 
 
 Fig 4.4 Deformed mesh at failure 
 
Fig 4.5 Displacement vector at failure 
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The output result for case 1 from finite element program is shown in Table 4.1. The Table 
indicates that different point on the trial strength reduction method results in different values of 
Sum-Msf values the values ranges from 1.00 to 3.013. Each value represented a completely 
independent analysis in which the soil strength parameters were scaled by SRF. It is possible that 
the gravity loads and global stiffness matrix are the same in each analysis and are therefore 
generated once only. 104 steps are carried out to find the different values of FOS in 106 node 
points. The algorithm has to work harder to achieve convergence as the “true” FOS is 
approached. When SRF = FOS = 2.929. 
Table 4.1 Finite element method (Plaxis) results for Case 1 
Arbitrary Point nodes on 
the mesh generated 
Step Sum-Msf 
0 0 1.00 
6 5 1.00 
13 11 1.85 
46 44 2.93 
83 81 2.93 
106 104 2.93 
 
 
Fig 4.6 Steps VS Sum Msf (SRF) for Case 1 
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 The obtained factor of safety displacement and other values for all node points are attached on 
the appendix. 
4.1.2 Case Two 
Stability analysis of a two-layered c’- ∅’ Slope is carried out in this section. The geometry of the 
slope, total displacement shading, finite mesh input, deformed mesh at failure and displacement 
vectors at failure diagrams are shown in Fig.4.7, Fig.4.8, Fig.4.9, Fig 4.10 and Fig.4.11 
respectively. The material parameters for this particular slope are given as shown in the above 
section for each layers.  
The output result for case 2 from finite element program is shown in Table 4.2. The Table 
indicates that different point on the trial strength reduction method results in different values of 
Sum-Msf values the values ranges from 1.00 to 1.88. Each value represented a completely 
independent analysis in which the soil strength parameters were scaled by SRF. It is possible that 
the gravity loads and global stiffness matrix are the same in each analysis and are therefore 
generated once only. 200 steps are carried out to find the different values of FOS in 202 node 
points. The algorithm has to work harder to achieve convergence as the “true” FOS is 
approached. When SRF = FOS = 1.8. 
 
Fig 4.7 Geometry of slope for case 2 
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Fig 4.8 Total displacement shading 
 
Fig 4.9 Finite mesh input 
 
Fig 4.10 Deformed mesh at failure 
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Fig 4.11 Displacement vector at failure 
Table 4.2 Finite Element method results for problem 2 
Arbitrary Points on 
the mesh generated 
Step Sum-Msf 
0 0 1 
2 1 1.38 
7 6 1.42 
50 49 1.76 
100 99 1.77 
150 148 1.8 
202 200 1.8 
 
Fig 4.12 Maximum displacement VS Sum Msf (SRF) for case 2 
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The obtained factor of safety, displacement and other values for all node points are attached on 
the appendix. A graph of data from Table 4.2 
4.1.3 Case Three 
In this case, the stability analysis of a single layered homogeneous clay soil mass is carried out. 
The geometry of the slope, displacement shading, finite mesh input, displacement vectors and 
deformed mesh at failure diagrams are shown in Fig.4.13, Fig.4.14, Fig.4.15, Fig 4.16 and 
Fig.4.17 respectively. The material parameters for this particular slope are given in the above 
section.  
The output results from case 3 from finite element program are shown in Table 4.3. The Table 
indicates that different point on the trial strength reduction method results in different values of 
Sum-Msf values the values ranges from 1.00 to 3.51. Each value represented a completely 
independent analysis in which the soil strength parameters were scaled by SRF. It is possible that 
the gravity loads and global stiffness matrix are the same in each analysis and are therefore 
generated once only. 105 steps are carried out to find the different values of FOS in 105 node 
points. The algorithm has to work harder to achieve convergence as the “true” FOS is 
approached. When SRF = FOS = 3.519. 
 
Fig 4.13 Geometry of slope for case 3 
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Fig 4.14 Displacement shading slope case 3 
 
Fig 4.15 Finite mesh input 
 
Fig 4.16 Displacement vector at failure 
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Fig 4.17 Deformed mesh at failure 
Table 4.3 Finite Element method results for Case 3 
Arbitrary Points on 
the mesh generated 
Step Sum-Msf 
0 0 1.00 
10 8 1.97 
20 19 2.22 
20 18 2.89 
30 28 3.46 
44 42 3.51 
105 103 3.52 
 
Fig 4.18 Steps VS Sum Msf (SRF) for case 3 
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4.2 Slope/W Analysis 
    4.2.1 Case One  
Using SLOPE/W software, the value of factor of safety calculated from traditional limit 
equilibrium methods for problem 1. Factor of safeties from different methods of problem 1 are 
listed in Table below. 
Table 4.4 Factor of safty results for problem 1 using different limit equilibrium method 
Methods 
Ordinary Spencer Bishop Janbu Morgenstern and price 
Moment Force Moment Force 
3.009 3.2 3.176 4.051 3.689 4.048 4.059 
 
Fig 4.19 Geometry and slip surface for Slope/W analysis of case 1 
    4.2.2 Case Two 
Using SLOPE/W software, the value of factor of safety calculated from traditional limit 
equilibrium methods for problem 2. Factor of safeties from different methods of problem 2 are 
listed in Table below. 
Table 4.5 Factor of safty results for problem 2 using different limit equilibrium method 
Methods 
Ordinary Spencer Bishop Janbu Morgenstern and price 
Moment Force Moment Force 
1.897 2.012 2.017 2.012 1.879 2.016 2.019 
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Fig 4.20 Geometry and slip surface for Slope/W analysis of Case 2 
    4.2.3 Case Three 
Using SLOPE/W software, the value of factor of safety calculated from traditional limit 
equilibrium methods for problem 3. Factor of safeties from different methods of problem 3 are 
listed in Table below. 
Table 4.6 Factor of safty results for problem 3 using different limit equilibrium method 
Methods 
Ordinary Spencer Bishop Janbu Morgenstern and price 
Moment Force Moment Force 
3.703 3.424 3.932 3.718 3.843 3.925 3.924 
 
Fig 4.21 Geometry and slip surface for Slope/W analysis of Case 3 
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4.3 Discussions   
From the analysis results of both the limit equilibrium and finite element method it is determined 
different values of factor of safety. Even though with different methods of limit equilibrium it is 
determined a different value of factor of safety results. The summery table for the three problems 
is here under. 
Table 4.7 Summery of values of factor of safety 
 Methods 
Problems Ordinary 
method of 
slice 
Bishops 
method 
Spencer’s method Morgenstern & price 
method 
Finite 
element 
method 
Moment Force Moment Force 
Case 1 3.00 3.19 3.19 3.17 3.19 3.15 2.929 
Case 2 1.89 2.01 2.01 2.02 2.02 2.02 1.8 
Case 3 3.70 3.71 3.424 3.932 3.925 3.924 3.51 
Before discussing on the values obtained, a statistical test is conducted to determine the 
significance of the difference between the values obtained. T-test method is used for this 
calculation. Great variation occurs on the Morgenstern & price method with the finite element 
method. Therefore, t-test of the factor of safety values of the two methods is done. 
Table 4.8 Mean Values of Factor of safety 
OMS Bishops 
Spencer's Morgenstern & Price 
FEM 
Moment Force Moment Force 
2.86 2.97 2.87 3.04 3.05 3.03 2.75 
Table 4.9 Standard deviation 
OMS Bishops 
Spencer's Morgenstern & Price 
FEM 
Moment Force Moment Force 
2.469 0.87 0.75 0.962 0.96 0.95 0.87 
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Table 4.10 Pooled standard deviation (Sp) 
Sp 
OMS Vs FEM Bishops Vs FEM Spencer's Vs FEM Morgenstern & Price Vs FEM 
0.89 0.87 0.81 0.916 
Table 4.11 T distribution (t) 
T 
OMS Vs FEM Bishops Vs FEM Spencer's Vs FEM Morgenstern & Price Vs FEM 
0.51 0.45 0.53 0.401 
The degree of freedom is four. First when comparing the OMS and FEM methods, the 
probability that t ≥ 0.51, with 4 degrees of freedom, falls between 0.4 and 0.3. Thus, it is greater 
than 0.4, and it can show that there is not a significant difference in the means. The t values will 
also be with the range of 0.4 and 0.3 in all the three comparisons, and since all the values of t is 
greater than 0.4, it can show that there is no significance difference in the means. Thus the values 
can be comparable.  
For the Case 1 which is homogeneous slope, based on the analysis it is determined that the factor 
of safety calculated using the finite element method is lower than the limit equilibrium methods 
this show how accurate the finite element method it is. And when comparing the limit 
equilibrium methods using the Spencer, Bishops and Morgenstern & price method a factor of 
safety of value 3.19 is obtained, which is the higher factor of safety value obtained in this case. 
This value is obtained in the Spencer’s and Morgenstern & price method when the equilibrium of 
moment is considered. Whereas, when considering the equilibrium of forces on the Spencer’s 
and Morgenstern & price methods it is obtained a factor of safety of 3.17 and 3.15 respectively 
for each methods. This shows that using force equilibrium we can determine a lower factor of 
safety value than the moment equilibrium. 
In addition, using the ordinary method of slice method a lower value of factor safety can be 
obtained compared to the other limit equilibrium methods. Even though fellenius assumptions 
states that “the forces acting on the sides of each slice cancel each other” which neglect the side 
forces in performing the analysis the determined value of the factor of safety is lower than other 
values. Therefore, since the ordinary method of analysis is easier to compute with few 
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parameters as an input, it is advisable to use this method when there are simple geometry slopes 
and make sure the result with the finite element method if necessary. 
For the second case which is a layered soil, in this case also a lower value of factor of safety is 
obtained using the finite element method compared to the limit equilibrium methods. This also 
shows that without considering the prior slip surface and other assumptions the finite element 
method can result lower factor of safety value of conservative estimation then the limit 
equilibrium methods.   
In the second case it is observed that the Ordinary method of slice method of analysis yields the 
minimum value compared to the other limit equilibrium methods. However, the Spencer’s and 
Morgenstern & price methods yield a higher value than the Bishops method. And this shows that 
when comparing the three method of limit equilibrium the Spencer’s and Morgenstern & price 
method can yield grater result because of considerations of the forces in calculation of 
equilibrium conditions. 
In Addition, the result shows that, the ordinary method of slice method yields the lower value of 
all the methods. Similar to the first case the ordinary method of slice method provides most 
conservative estimation of factor of safety values amongst all the limit equilibrium methods. 
Therefore, any design and analysis of slopes carried out with this method is likely to be always 
on the safer side even though the economic factor is another issue to consider. Other limit 
equilibrium methods Ordinary Bishop's Method, Spencer's Method and Morgenstern and Price's 
method attempt to establish a more realistic estimation of interslice forces which may develop in 
reality. But they lead to somewhat higher estimation of factor of safety. 
In the third case also the Finite element method yields a lower value than all limit equilibrium 
methods except the Spencer’s method based on moment equilibrium. This shows that the 
accuracy of analysis of all methods can vary depending on the different internal and external 
features that will cause failure of slopes. Therefore, further study should be carried out in order 
to distinguish which method is appropriate for the specific soil mass condition. 
In comparison of the equilibrium of force and equilibrium of moment in the analysis, it is 
observed that the factor of safety value for the force equilibrium is less than the moment 
equilibrium in the Spencer’s and Morgenstern & price methods in case 1 of the Spencer’s 
method and case 1 &3 of the Morgenstern &price method. Whereas the moment equilibrium is 
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less than the force in the case 3 of the Spencer’s method and the other values are the same for 
both the Spencer’s and Morgenstern & price methods in the case 2. This indicates that the force 
equilibrium is safer side of analysis than the moment equilibrium more predominantly. 
In general, when comparing the finite element method with the limit equilibrium method in the 
analysis, the factor of safety for critical slip surface is obtained automatically in the finite 
element method. Whereas in the limit equilibrium methods several slip surfaces should be 
analyzed to find the critical slip surface. This type of trial and error computations are not 
required in the finite element method to find the critical slip surface because the failure occurs 
through the zone of weakest material properties and automatically the critical slip surface is 
determined. In addition, the finite element method satisfies the equations of equilibrium in theory 
of elasticity. And also displacements, stress and strains at various point nodes in the soil mass 
can be determined. 
When considering the soil type in the three types of analysis, for the first case since silty sand of 
homogenous soil mass and 1:3 slope ratios are used for the analysis, the determined factor of 
safety value is far greater than one. This indicates that the high angle of friction value of the sily 
sand can increase the shear strength of the soil. Therefore, having steep slope more than the 
given value can be stable with shear strength of the soil until the factor of safety is greater than 
one. 
For the second case analysis even though the slope is steeper than the first case since the silty 
gravel and the and gravel have high angle of friction values, the factor of safety values 
determined is also greater than one and which is less than the value from the first case. This 
indicates that the slope can be steeper until the minimum value of FOS is reached. This will 
provide more space for use above and below the sloping surface.  
For the third case homogeneous clay soil mass with 1:1 slope ratio is used for the analysis. In 
this analysis the determined factor of safety value is also far greater than one, even though the 
slope is steeper than the other two cases. This indicates that since the clay soil has high shear 
strength value especially due to its cohesive property the soil mass is stable. 
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5. Conclusion and Recommendations 
5.1 Conclusion 
From the analysis conducted the following conclusions are given; 
- Slope stability analysis can be analyzed by the finite element method with a safer result 
than the limit equilibrium method since the finite element method can result lower value 
of factor of safety than the most other types of limit equilibrium methods. 
- Even though the ordinary method of slide method of analysis yields lower value of factor 
safety than the other methods including the finite element method, since it doesn’t 
consider the interslice forces in its assumption the value obtained cannot be acceptable 
for complex slopes with various features for cause of failure. Therefore, further analysis 
using the Spencer’s and Morgenstern & price methods is necessary. 
- The factor of safety value obtained using force equilibrium is lower than moment 
equilibrium in the Spencer’s and Morgenstern & price methods when the slope mass is 
homogeneous. 
- In finite element method the critical slip surface is automatically determined whereas in 
the limit equilibrium methods several slip surfaces are analyzed by trial and error to 
determine the critical slip surface. 
- Displacements, stress and strains at various point nodes in the soil mass can be 
determined in the finite element method. And based on the fineness of mesh generated in 
the program we can increase the level of accuracy of our calculation and we can 
determine various different point node parameters of the soil mass.  
- The limit equilibrium methods have more limitations than the finite element method since 
in the limit equilibrium method various assumptions prior to conducting the analysis are 
given for example the critical slip surface. 
- The shear strength of the soil can greatly determine the stability of the soil mass more 
than the geometry in both the limit equilibrium and finite element methods. 
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5.2 Recommendations  
- Many slopes are being constructed in Ethiopian road projects. But most of those slopes 
are not analyzed by the appropriate slope analysis methods instead percentage of slopes 
horizontal to vertical is taken from the design manuals for either construction and for 
stability analysis. These procedures must be changed where designers and other 
responsible bodies should use either of the limit equilibrium or finite element methods 
which are easier for computations and more accurate in their results. 
- Further studies can be carried out by various soil mass conditions subjected to various 
failure mechanisms this may result different output. Because of limitation of time and un 
availability of data this study is constrained to study various conditions which causes 
slope failures and also by conducting laboratory and field investigations the result can be 
more precise. In addition, further studies can be carried out in selecting the suitable 
method of analysis for the different type of soil mass with various causes of failure.  
 
 
 
 
 
 
 
 
 
 
 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 56 
 
References 
Baba, K. (2012). Slope Stability Evaluations by LimitEquilibrium and Finite Element Methods 
to a Railway in the Moroccan Rif. 
Bell, F. (2007). Engineering Geology. Linacre House, Jordan Hill, Oxford, Uk. 
Bishop. (1955). The use of slip circle in the stability of slopes, Geotechnique. 
Budhu, M. (2011). SOIL MECHANICS AND FOUNDATIONS. United states of America: 
Department of Civil Engineering & Engineering Mechanics, University of Arizona. 
Engineers, U. A. (2003). Slope Stability. Engineer Manual. 
Farook, M. (2014). Slope stability anaysis- limit equilibrium or the finite element method? 
Fellenius. (1936). Calculation of stability of earthdams. Proceedings of the 2nd congress on 
Large Dams. Washington D.C. 
Hammah, G. (2015). A COMPARISION OF FINITE ELEMENT SLOPE STABILITY 
ANAYSIS WITH CONVENTIONAL LIMIT-EQUILIBRIUM INVESTIGATION. 
Hang Lin, W. Z. (2014). Slope Stability Anaysis using Limit Equilibrium Method in Nonlinear 
Criterion. 
Hutchinson. (1995). Landslide hazard assessment,. Proccedings of 6th international symposium 
landslides,. Christchurch, Balkema, Rotterdam. 
Janbu. (1954). Stability anaysis of slopes with dimensionless parameters. 
Kanjanakul, C. (2013). Comparison between numerical and limit equilibrium methods for slope 
stability anaysis. 
Lin, H. (2005). Slope Stability Anaysis Using Limit Equilibrium Method in Nonlinear Criterion. 
LiT. (1989). Landslides-extent and economic significance in china. 
Michael, J. (1996). State of the Art: Limit Equilibrium and Finite Element Analysis of slopes. 
Morgenstern, N. &. (1965). The Anaysis of the stability of General Slip Surfaces. Geotechnique. 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 57 
 
Murthy. (n.d.). Geotechnical Engineering: Principles and Practices of Soil Mechanics and 
Foundation Engnieering. New York: Marcel Dakker,Inc. 
Nakamura, A. (n.d.). Embankment basal Stability analysis using shear strength reduction finite 
element method. Tokyo, Japan. 
Noroozi, A. G. (2015). The effect of Cohesion and level of ground water on the slope instability 
using finite element method. 
Schuster. (1996). Socioeconomic significance of Landslide:investigation and Mitigation. 
Transportation Research Board. Washington. 
Spencer. (1967). A Method of anaysis of the stability of embankments assuming parallel inter-
slice forces. 
Whiteman, R. a. (1967). Use of computers for slope stability anaysis. Jornal of the soil 
mechanics and Foundation Division. 
Zuzana Varilova, J. K. (2016, 05 11). Presstv.ir. Retrieved from 
www.presstv.ir/detail/2016/05/11/464988/Ethiopia-Wolaita-Zone-Mamo-Bale-El-Nino 
 
 
 
 
 
 
 
 
 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 58 
 
Appendix A 
Software Validation 
To validate each of the software packages, a hand calculation using one of the limit equilibrium 
method which is ordinary method of slices will be conducted in this section. The calculated 
factor of safety values using the slope/W program and the Plaxis 2D program is compared with 
the hand calculation made. The geotechnical model of soil mass adopted for this validation test is 
illustrated in Figure 1 below. The soil comprises of the properties in Table 1.  This scenario has 
been taken from Das 2010 p.573; Problem 15.20b 
 
Figure 1 Simple soil slope adopted from Das 2010 p.573; problem 15.20b 
Soil Properties 
The properties of the soil are presented in table 1. 
Table 1 Soil parameters for the given soil mass 
Material Unit Weight 
(KN/m3) 
Cohesion (Kpa) Friction Angle(0) Elastic Modulus 
(KN/m2) 
Soil 17.1 18 15 103 
Hand Calculations- Ordinary Method of Slices 
The hand calculations will be done using the ordinary method of slice. This will utilize the 
additional parameters and the assumed slip surface presented in figure 2. 
Four slices are used to divide the slipping surface (ϴ is divided equally). To determine the radius 
of the circle: 
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𝐻(5𝑚)
𝑥
= sin 450 
𝑥 = 10 𝑚 
10
sin 800
=  
𝑅
𝑠𝑖𝑛 (
100
2 )
 
𝑅 = 7.78 𝑚 
 
Figure 2 slip surface location for the ordinary method of slices (Das 2010) 
For determining the factor of safety value the following table can used to calculate, by 
determining the weight of each slice, the area of each slice and by summing up the resisting force 
and deriving force and taking the ratio of the two values, the FOS value can be determined. 
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Figure 3 Assumed slices for the slip surface  
Table 2 Hand Calculations for the ordinary method of slices 
Slice No Areas of the 
slices (m
2
) 
Weight of slice 
Wn= A* γ (KN/m) 
αn Wn cos (αn) Wn sin (αn) 
1 1.95 33.345 54 19.599 26.976 
2 6.8 116.28 38 91.629 71.589 
3 7 119.7 20 112.481 40.939 
4 4.2 71.82 6 71.426 7.507 
 ∑ 295.13 ∑ 147.01 
 
𝐹𝑂𝑆 =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒
𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒
 
𝐹𝑂𝑆 =
∑[𝑅𝜃𝐶′ +  𝑊𝑛 cos 𝛼𝑛 ∗ tan ∅]
∑ 𝑊𝑛 sin 𝛼𝑛
 
 
𝐹𝑂𝑆 =
[7.78 ∗ 18 ∗  (
80𝜋
180)
] + (295.13) ∗ tan 15
147.012
 
𝑭𝑶𝑺 = 𝟏. 𝟖𝟔𝟕 ≅ 𝟏. 𝟖𝟕 
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Plaxis 2D Analysis 
The output result for this problem from finite element program is shown in Table 3. The Table 
indicates that different point on the trial strength reduction method results in different values of 
Sum-Msf values the values ranges from 1.00 to 1.73. Each value represented a completely 
independent analysis in which the soil strength parameters were scaled by SRF. It is possible that 
the gravity loads and global stiffness matrix are the same in each analysis and are therefore 
generated once only. 104 steps are carried out to find the different values of FOS in 104 node 
points. The algorithm has to work harder to achieve convergence as the “true” FOS is 
approached. When SRF = FOS = 1.731. 
Table 3 Factor of safety values for the validation problem 
Arbitrary Point nodes on 
the mesh generated 
Step Sum-Msf 
0 0 1.00 
6 5 1.01 
13 11 1.35 
46 44 1.73 
83 81 1.73 
104 104 1.73 
 
 
Figure 5 Deformed mesh at failure 
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Figure 6 Displacement vector at failure 
 
Figure 7 Steps VS Sum Msf (SRF) graph for validation problem 
Slope /W Analysis 
Using SLOPE/W software, the value of factor of safety calculated from traditional limit 
equilibrium methods for the validation problem. Factor of safeties from different methods of 
problem 1 are listed in Table below. 
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Table 4 Factor of safety values using LEMs for validation problem 
Methods 
Ordinary Spencer Bishop Janbu Morgenstern and price 
Moment Force Moment Force 
1.792 1.908 1.910 1.811 1.828 1.811 1.817 
 
 
Figure 8 slip surface by Slope/W 
Data Interpretations for validation problem 
The slope stability analysis has been conducted by hand calculations, SLOPE/W and PLAXIS 
2D program.  And Table 5 compares the calculated FOS values from the proposed analysis 
methods. The limit equilibrium method yields less than 5 % difference from the hand calculation. 
Whereas, the Plaxis 2D program yields about 7% difference from the hand calculation. The FOS 
value from Plaxis program is lower than the other methods. This results shows that the PLaxis 
analysis yields more accurate results. Since it considers advanced soil parameters for its 
calculations and since it does not consider any prior assumptions before calculations. And in the 
designing of soil stabilizing structures of slopes and in determination of the slope for a sloping 
surface, safer results can be obtained from the finite element method (Plaxis). Therefore, 
consideration must be given regarding the validity of the results obtained using both Plaxis and 
slope/W programs.  
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Table 5 Difference in FOS values of the software’s and the hand calculation. 
Hand calculations; FOS = 1.87 
Analysis Method FOS Percentage difference from Hand calculations 
Plaxis 2D 1.731 7.43 % 
Slope/ W Ordinary 1.792 4.17 % 
Bishop 1.811 3.15 % 
Janbu 1.828 2.24 % 
Morgenstern & P 1.811 3.15 % 
Spencer 1.90 1.6 % 
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Appendix B 
Anaysis Results for Plaxis 2D Analysis 
Outputs for Case 1 Plaxis analysis 
 
 Figure ΣMsf Vs Displacement graph  
 
 Figure Steps Vs Displacement (U) 
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Point 
nodes Step Displacement |U| [m] Sum-Msf 
0 0 0.00E+00 1.00E+00 
1 1 0.00E+00 1.00E+00 
2 1 2.72E-04 1.00E+00 
3 2 8.16E-04 1.00E+00 
4 3 1.91E-03 1.00E+00 
5 4 3.68E-03 1.00E+00 
6 5 0.00E+00 1.00E+00 
7 5 2.99E-06 1.47E+00 
8 6 8.09E-06 1.52E+00 
9 7 2.07E-05 1.55E+00 
10 8 5.11E-05 1.61E+00 
11 9 1.21E-04 1.68E+00 
12 10 1.98E-04 1.75E+00 
13 11 4.32E-04 1.85E+00 
14 12 6.88E-04 1.95E+00 
15 13 1.31E-03 2.14E+00 
16 14 3.13E-03 2.52E+00 
17 15 6.02E-03 2.83E+00 
18 16 1.08E-02 2.95E+00 
19 17 1.32E-02 3.01E+00 
20 18 1.74E-02 2.98E+00 
21 19 1.95E-02 2.93E+00 
22 20 2.05E-02 2.94E+00 
23 21 2.15E-02 2.94E+00 
24 22 2.35E-02 2.94E+00 
25 23 2.75E-02 2.93E+00 
26 24 3.15E-02 2.93E+00 
27 25 3.94E-02 2.93E+00 
28 26 4.73E-02 2.93E+00 
29 27 5.52E-02 2.93E+00 
30 28 7.09E-02 2.93E+00 
31 29 8.66E-02 2.93E+00 
32 30 1.18E-01 2.93E+00 
33 31 1.34E-01 2.93E+00 
34 32 1.65E-01 2.93E+00 
35 33 1.96E-01 2.93E+00 
36 34 2.59E-01 2.93E+00 
37 35 3.21E-01 2.93E+00 
38 36 4.46E-01 2.93E+00 
39 37 5.09E-01 2.93E+00 
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40 38 6.34E-01 2.93E+00 
41 39 7.58E-01 2.93E+00 
42 40 1.01E+00 2.93E+00 
43 41 1.26E+00 2.93E+00 
44 42 1.76E+00 2.93E+00 
45 43 2.01E+00 2.92E+00 
46 44 2.51E+00 2.93E+00 
47 45 3.00E+00 2.92E+00 
48 46 4.00E+00 2.92E+00 
49 47 4.50E+00 2.92E+00 
50 48 5.50E+00 2.93E+00 
51 49 6.50E+00 2.93E+00 
52 50 8.49E+00 2.92E+00 
53 51 9.49E+00 2.93E+00 
54 52 1.15E+01 2.93E+00 
55 53 1.35E+01 2.93E+00 
56 54 1.75E+01 2.93E+00 
57 55 2.15E+01 2.93E+00 
58 56 2.55E+01 2.93E+00 
59 57 3.34E+01 2.93E+00 
60 58 4.14E+01 2.93E+00 
61 59 4.94E+01 2.93E+00 
62 60 5.74E+01 2.93E+00 
63 61 6.54E+01 2.93E+00 
64 62 8.14E+01 2.93E+00 
65 63 9.73E+01 2.93E+00 
66 64 1.13E+02 2.93E+00 
67 65 1.29E+02 2.93E+00 
68 66 1.61E+02 2.93E+00 
69 67 1.93E+02 2.93E+00 
70 68 2.25E+02 2.93E+00 
71 69 2.57E+02 2.93E+00 
72 70 2.89E+02 2.93E+00 
73 71 3.21E+02 2.93E+00 
74 72 3.85E+02 2.93E+00 
75 73 4.49E+02 2.93E+00 
76 74 5.13E+02 2.93E+00 
77 75 5.76E+02 2.93E+00 
78 76 6.40E+02 2.93E+00 
79 77 7.04E+02 2.93E+00 
80 78 7.68E+02 2.93E+00 
81 79 8.96E+02 2.93E+00 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 68 
 
82 80 1.02E+03 2.93E+00 
83 81 1.15E+03 2.93E+00 
84 82 1.28E+03 2.93E+00 
85 83 1.41E+03 2.93E+00 
86 84 1.53E+03 2.93E+00 
87 85 1.66E+03 2.93E+00 
88 86 1.92E+03 2.93E+00 
89 87 2.17E+03 2.93E+00 
90 88 2.43E+03 2.93E+00 
91 89 2.68E+03 2.93E+00 
92 90 2.94E+03 2.93E+00 
93 91 3.20E+03 2.93E+00 
94 92 3.45E+03 2.93E+00 
95 93 3.71E+03 2.93E+00 
96 94 4.22E+03 2.93E+00 
97 95 4.73E+03 2.93E+00 
98 96 5.24E+03 2.93E+00 
99 97 5.75E+03 2.93E+00 
100 98 6.26E+03 2.93E+00 
101 99 6.77E+03 2.93E+00 
102 100 7.28E+03 2.93E+00 
103 101 7.79E+03 2.93E+00 
104 102 8.82E+03 2.93E+00 
105 103 9.84E+03 2.93E+00 
106 104 1.09E+04 2.93E+00 
Outputs for case 2 Plaxis analysis 
 
Figure ΣMsf Vs Displacement 
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Figure step Vs displacement 
Point nodes Step Displacement|U| [m] Sum-Msf 
0 0 0.00E+00 1.00E+00 
1 1 0.00E+00 1.00E+00 
2 1 3.26E-04 1.38E+00 
3 2 3.34E-04 1.38E+00 
4 3 3.39E-04 1.39E+00 
5 4 3.44E-04 1.39E+00 
6 5 3.55E-04 1.40E+00 
7 6 3.77E-04 1.42E+00 
8 7 4.21E-04 1.46E+00 
9 8 5.11E-04 1.51E+00 
10 9 6.96E-04 1.61E+00 
11 10 1.07E-03 1.70E+00 
12 11 1.45E-03 1.79E+00 
13 12 2.20E-03 1.88E+00 
14 13 2.52E-03 1.79E+00 
15 14 2.66E-03 1.79E+00 
16 15 2.73E-03 1.78E+00 
17 16 2.80E-03 1.78E+00 
18 17 2.93E-03 1.77E+00 
19 18 3.06E-03 1.77E+00 
20 19 3.32E-03 1.77E+00 
21 20 3.58E-03 1.77E+00 
22 21 3.84E-03 1.77E+00 
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23 22 4.09E-03 1.77E+00 
24 23 4.60E-03 1.77E+00 
25 24 5.11E-03 1.76E+00 
26 25 6.11E-03 1.77E+00 
27 26 6.61E-03 1.77E+00 
28 27 7.61E-03 1.77E+00 
29 28 8.60E-03 1.77E+00 
30 29 9.59E-03 1.77E+00 
31 30 1.06E-02 1.77E+00 
32 31 1.25E-02 1.77E+00 
33 32 1.45E-02 1.77E+00 
34 33 1.84E-02 1.76E+00 
35 34 2.04E-02 1.76E+00 
36 35 2.43E-02 1.76E+00 
37 36 2.63E-02 1.76E+00 
38 37 3.02E-02 1.77E+00 
39 38 3.41E-02 1.77E+00 
40 39 3.80E-02 1.77E+00 
41 40 4.58E-02 1.77E+00 
42 41 5.36E-02 1.77E+00 
43 42 6.92E-02 1.77E+00 
44 43 7.70E-02 1.77E+00 
45 44 9.26E-02 1.77E+00 
46 45 1.00E-01 1.77E+00 
47 46 1.16E-01 1.77E+00 
48 47 1.32E-01 1.76E+00 
49 48 1.63E-01 1.76E+00 
50 49 1.78E-01 1.76E+00 
51 50 2.09E-01 1.76E+00 
52 51 2.41E-01 1.76E+00 
53 52 3.03E-01 1.76E+00 
54 53 3.34E-01 1.76E+00 
55 54 3.96E-01 1.77E+00 
56 55 4.59E-01 1.77E+00 
57 56 5.21E-01 1.77E+00 
58 57 6.45E-01 1.77E+00 
59 58 7.08E-01 1.77E+00 
60 59 8.32E-01 1.77E+00 
61 60 8.94E-01 1.77E+00 
62 61 1.02E+00 1.77E+00 
63 62 1.08E+00 1.77E+00 
64 63 1.21E+00 1.77E+00 
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65 64 1.45E+00 1.77E+00 
66 65 1.58E+00 1.77E+00 
67 66 1.83E+00 1.77E+00 
68 67 1.95E+00 1.77E+00 
69 68 2.20E+00 1.77E+00 
70 69 2.70E+00 1.77E+00 
71 70 2.95E+00 1.77E+00 
72 71 3.45E+00 1.77E+00 
73 72 4.44E+00 1.77E+00 
74 73 4.94E+00 1.77E+00 
75 74 5.93E+00 1.77E+00 
76 75 6.43E+00 1.77E+00 
77 76 7.43E+00 1.77E+00 
78 77 9.42E+00 1.77E+00 
79 78 1.04E+01 1.77E+00 
80 79 1.24E+01 1.77E+00 
81 80 1.64E+01 1.77E+00 
82 81 1.84E+01 1.77E+00 
83 82 2.24E+01 1.77E+00 
84 83 2.44E+01 1.77E+00 
85 84 2.83E+01 1.77E+00 
86 85 3.63E+01 1.77E+00 
87 86 4.03E+01 1.77E+00 
88 87 4.82E+01 1.77E+00 
89 88 5.22E+01 1.77E+00 
90 89 6.02E+01 1.77E+00 
91 90 7.61E+01 1.77E+00 
92 91 8.41E+01 1.77E+00 
93 92 1.00E+02 1.77E+00 
94 93 1.08E+02 1.77E+00 
95 94 1.24E+02 1.77E+00 
96 95 1.40E+02 1.77E+00 
97 96 1.72E+02 1.77E+00 
98 97 1.88E+02 1.77E+00 
99 98 2.19E+02 1.77E+00 
100 99 2.35E+02 1.77E+00 
101 100 2.67E+02 1.77E+00 
102 101 0.00E+00 1.77E+00 
103 101 8.30E-06 1.79E+00 
104 102 2.79E-05 1.81E+00 
105 103 7.28E-05 1.84E+00 
106 104 1.42E-04 1.81E+00 
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107 105 0.000178335 1.798535065 
108 106 2.14E-04 1.79E+00 
109 107 2.81E-04 1.79E+00 
110 108 3.46E-04 1.79E+00 
111 109 4.11E-04 1.79E+00 
112 110 5.35E-04 1.80E+00 
113 111 5.96E-04 1.80E+00 
114 112 7.16E-04 1.80E+00 
115 113 8.35E-04 1.80E+00 
116 114 1.07E-03 1.80E+00 
117 115 1.18E-03 1.80E+00 
118 116 1.41E-03 1.80E+00 
119 117 1.86E-03 1.80E+00 
120 118 2.09E-03 1.80E+00 
121 119 2.54E-03 1.80E+00 
122 120 3.43E-03 1.80E+00 
123 121 3.87E-03 1.80E+00 
124 122 4.76E-03 1.80E+00 
125 123 6.51E-03 1.80E+00 
126 124 7.39E-03 1.80E+00 
127 125 9.13E-03 1.80E+00 
128 126 1.00E-02 1.80E+00 
129 127 1.17E-02 1.80E+00 
130 128 1.52E-02 1.80E+00 
131 129 1.70E-02 1.80E+00 
132 130 2.04E-02 1.80E+00 
133 131 2.74E-02 1.80E+00 
134 132 3.08E-02 1.80E+00 
135 133 3.77E-02 1.80E+00 
136 134 4.12E-02 1.80E+00 
137 135 4.81E-02 1.80E+00 
138 136 6.19E-02 1.80E+00 
139 137 6.89E-02 1.80E+00 
140 138 8.27E-02 1.80E+00 
141 139 1.10E-01 1.80E+00 
142 140 1.24E-01 1.80E+00 
143 141 1.52E-01 1.80E+00 
144 142 1.66E-01 1.80E+00 
145 143 1.93E-01 1.80E+00 
146 144 2.48E-01 1.80E+00 
147 145 2.76E-01 1.80E+00 
148 146 3.31E-01 1.80E+00 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 73 
 
149 147 4.42E-01 1.80E+00 
150 148 4.97E-01 1.80E+00 
151 149 6.08E-01 1.80E+00 
152 150 8.29E-01 1.80E+00 
153 151 9.39E-01 1.80E+00 
154 152 1.16E+00 1.80E+00 
155 153 1.27E+00 1.80E+00 
156 154 1.49E+00 1.80E+00 
157 155 1.93E+00 1.80E+00 
158 156 2.15E+00 1.80E+00 
159 157 2.60E+00 1.80E+00 
160 158 2.82E+00 1.80E+00 
161 159 3.26E+00 1.80E+00 
162 160 4.14E+00 1.80E+00 
163 161 4.58E+00 1.80E+00 
164 162 5.47E+00 1.80E+00 
165 163 7.24E+00 1.80E+00 
166 164 8.12E+00 1.80E+00 
167 165 9.89E+00 1.80E+00 
168 166 1.08E+01 1.80E+00 
169 167 1.25E+01 1.80E+00 
170 168 1.61E+01 1.80E+00 
171 169 1.78E+01 1.80E+00 
172 170 2.14E+01 1.80E+00 
173 171 2.31E+01 1.80E+00 
174 172 2.67E+01 1.80E+00 
175 173 3.37E+01 1.80E+00 
176 174 3.73E+01 1.80E+00 
177 175 4.44E+01 1.80E+00 
178 176 4.79E+01 1.80E+00 
179 177 5.50E+01 1.80E+00 
180 178 5.85E+01 1.80E+00 
181 179 6.56E+01 1.80E+00 
182 180 7.97E+01 1.80E+00 
183 181 8.68E+01 1.80E+00 
184 182 1.01E+02 1.80E+00 
185 183 1.08E+02 1.80E+00 
186 184 1.22E+02 1.80E+00 
187 185 1.50E+02 1.80E+00 
188 186 1.65E+02 1.80E+00 
189 187 1.93E+02 1.80E+00 
190 188 2.21E+02 1.80E+00 
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191 189 2.49E+02 1.80E+00 
192 190 2.78E+02 1.80E+00 
193 191 3.06E+02 1.80E+00 
194 192 3.34E+02 1.80E+00 
195 193 3.91E+02 1.80E+00 
196 194 4.47E+02 1.80E+00 
197 195 5.04E+02 1.80E+00 
198 196 5.60E+02 1.80E+00 
199 197 6.17E+02 1.80E+00 
200 198 6.74E+02 1.80E+00 
201 199 7.30E+02 1.80E+00 
202 200 7.87E+02 1.80E+00 
 
Outputs for case 3 Plaxis analysis 
 
Figure Σmsf Vs steps 
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Figure steps Vs Displacement 
Point 
nodes 
Step Displacement|U| [m] Sum-Msf 
0 0 0.00E+00 1.00E+00 
1 1 0.00E+00 1.00E+00 
2 1 5.74E-03 1.00E+00 
3 2 1.71E-02 1.00E+00 
4 3 3.08E-02 1.00E+00 
5 4 0.00E+00 1.00E+00 
6 4 2.33E-05 1.84E+00 
7 5 6.99E-05 1.85E+00 
8 6 1.33E-04 1.87E+00 
9 7 1.53E-04 1.90E+00 
10 8 1.74E-04 1.97E+00 
11 9 2.13E-04 2.06E+00 
12 10 2.53E-04 2.15E+00 
13 11 3.11E-04 2.28E+00 
14 12 4.69E-04 2.37E+00 
15 13 8.31E-04 2.52E+00 
16 14 1.54E-03 2.57E+00 
17 15 2.21E-03 2.66E+00 
18 16 2.93E-03 2.72E+00 
19 17 4.52E-03 2.82E+00 
20 18 6.27E-03 2.89E+00 
21 19 8.12E-03 2.96E+00 
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22 20 1.01E-02 3.02E+00 
23 21 1.20E-02 3.07E+00 
24 22 1.40E-02 3.13E+00 
25 23 1.82E-02 3.23E+00 
26 24 2.25E-02 3.31E+00 
27 25 2.73E-02 3.39E+00 
28 26 3.51E-02 3.47E+00 
29 27 3.91E-02 3.45E+00 
30 28 4.10E-02 3.46E+00 
31 29 4.47E-02 3.47E+00 
32 30 4.84E-02 3.47E+00 
33 31 5.20E-02 3.47E+00 
34 32 5.90E-02 3.48E+00 
35 33 6.60E-02 3.49E+00 
36 34 7.29E-02 3.49E+00 
37 35 8.68E-02 3.49E+00 
38 36 1.01E-01 3.49E+00 
39 37 1.15E-01 3.50E+00 
40 38 1.43E-01 3.50E+00 
41 39 1.71E-01 3.51E+00 
42 40 1.99E-01 3.51E+00 
43 41 2.27E-01 3.51E+00 
44 42 2.56E-01 3.51E+00 
45 43 3.12E-01 3.52E+00 
46 44 3.68E-01 3.52E+00 
47 45 4.25E-01 3.52E+00 
48 46 4.81E-01 3.52E+00 
49 47 5.94E-01 3.52E+00 
50 48 7.06E-01 3.52E+00 
51 49 8.19E-01 3.52E+00 
52 50 9.32E-01 3.52E+00 
53 51 1.16E+00 3.52E+00 
54 52 1.38E+00 3.52E+00 
55 53 1.61E+00 3.52E+00 
56 54 2.06E+00 3.52E+00 
57 55 2.51E+00 3.52E+00 
58 56 2.96E+00 3.52E+00 
59 57 3.41E+00 3.52E+00 
60 58 4.31E+00 3.52E+00 
61 59 5.22E+00 3.52E+00 
62 60 6.12E+00 3.52E+00 
63 61 7.02E+00 3.52E+00 
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64 62 8.82E+00 3.52E+00 
65 63 1.06E+01 3.52E+00 
66 64 1.24E+01 3.52E+00 
67 65 1.42E+01 3.52E+00 
68 66 1.60E+01 3.52E+00 
69 67 1.78E+01 3.52E+00 
70 68 1.97E+01 3.52E+00 
71 69 2.33E+01 3.52E+00 
72 70 2.69E+01 3.52E+00 
73 71 3.05E+01 3.52E+00 
74 72 3.41E+01 3.52E+00 
75 73 3.77E+01 3.52E+00 
76 74 4.13E+01 3.52E+00 
77 75 4.49E+01 3.52E+00 
78 76 4.85E+01 3.52E+00 
79 77 5.57E+01 3.52E+00 
80 78 6.30E+01 3.52E+00 
81 79 7.02E+01 3.52E+00 
82 80 7.74E+01 3.52E+00 
83 81 8.46E+01 3.52E+00 
84 82 9.91E+01 3.52E+00 
85 83 1.13E+02 3.52E+00 
86 84 1.28E+02 3.52E+00 
87 85 1.42E+02 3.52E+00 
88 86 1.57E+02 3.52E+00 
89 87 1.71E+02 3.52E+00 
90 88 1.86E+02 3.52E+00 
91 89 2.15E+02 3.52E+00 
92 90 2.43E+02 3.52E+00 
93 91 2.72E+02 3.52E+00 
94 92 3.01E+02 3.52E+00 
95 93 3.30E+02 3.52E+00 
96 94 3.59E+02 3.52E+00 
97 95 3.88E+02 3.52E+00 
98 96 4.17E+02 3.52E+00 
99 97 4.74E+02 3.52E+00 
100 98 5.32E+02 3.52E+00 
101 99 5.90E+02 3.52E+00 
102 100 6.48E+02 3.52E+00 
103 101 7.05E+02 3.52E+00 
104 102 7.63E+02 3.52E+00 
105 103 8.21E+02 3.52E+00 
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Appendix C 
Report of Slope/W Analysis 
Problem 1 
Report generated using GeoStudio 2007, version 7.10. Copyright © 1991-2008 GEO-SLOPE International Ltd. 
File Information 
Revision Number: 14 
Date: 8/25/2017 
Time: 4:19:11 PM 
File Name: problem 1.gsz 
Directory: C:\Users\Dell\Desktop\ms\msc geo\project\geo slope\output\ 
Last Solved Date: 8/25/2017 
Last Solved Time: 4:19:32 PM 
Project Settings 
Length(L) Units: meters 
Time(t) Units: Seconds 
Force(F) Units: kN 
Pressure(p) Units: kPa 
Strength Units: kPa 
Unit Weight of Water: 9.807 kN/m³ 
View: 2D 
Analysis Settings 
Problem 1 
Description: homogeneous 
Kind: SLOPE/W 
Method: Spencer 
Settings 
Apply Phreatic Correction: No 
PWP Conditions Source: Piezometric Line 
Use Staged Rapid Drawdown: No 
SlipSurface 
Direction of movement: Left to Right 
Allow Passive Mode: No 
Slip Surface Option: Entry and Exit 
Critical slip surfaces saved: 1 
Optimize Critical Slip Surface Location: No 
Tension Crack 
Tension Crack Option: (none) 
FOS Distribution 
FOS Calculation Option: Constant 
Advanced 
Number of Slices: 30 
Optimization Tolerance: 0.1 
Minimum Slip Surface Depth: 0.1 m 
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Minimum Slice Width: 0.1 m 
Optimization Maximum Iterations: 2000 
Optimization Convergence Tolerance: 1e-007 
Starting Optimization Points: 8 
Ending Optimization Points: 16 
Complete Passes per Insertion: 1 
Materials 
layer 
Model: Mohr-Coulomb 
Unit Weight: 17 kN/m³ 
Cohesion: 9.8 kPa 
Phi: 27 ° 
Phi-B: 0 ° 
Pore Water Pressure  
Piezometric Line: 1 
Slip Surface Entry and Exit 
Left Projection: Range 
Left-Zone Left Coordinate: (9.7367539, 10) m 
Left-Zone Right Coordinate: (10, 10) m 
Left-Zone Increment: 4 
Right Projection: Range 
Right-Zone Left Coordinate: (30, 5) m 
Right-Zone Right Coordinate: (30.066341, 5) m 
Right-Zone Increment: 4 
Radius Increments: 4 
Slip Surface Limits 
Left Coordinate: (0, 10) m 
Right Coordinate: (45, 5) m 
Piezometric Lines 
Piezometric Line 1 
Coordinates 
 
X (m) Y (m) 
 
0 0 
 
45 0 
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Regions 
 
Material Points Area (m²) 
Region 1 layer 1,2,3,4,5,6 337.5 
Points 
 
X (m) Y (m) 
Point 1 0 0 
Point 2 0 10 
Point 3 15 10 
Point 4 30 5 
Point 5 45 5 
Point 6 45 0 
Critical Slip Surfaces 
 
Number FOS Center (m) Radius (m) Entry (m) Exit (m) 
1 102 3.193 (25.553, 29.713) 25.11 (10, 10) (30, 5) 
Slices of Slip Surface: 102 
 
Slip 
Surface 
X (m) Y (m) 
PWP 
(kPa) 
Base 
Normal 
Stress 
(kPa) 
Frictional 
Strength 
(kPa) 
Cohesi
ve 
Strengt
h (kPa) 
1 102 10.357145 9.728434 
-
95.406638 
2.2877935 1.165689 9.8 
2 102 11.07143 9.204676 
-
90.270308 
9.8687333 5.0283708 9.8 
3 102 11.785715 8.718285 
-
85.499724 
17.109077 8.7175099 9.8 
4 102 12.5 8.2667135 - 24.014978 12.236242 9.8 
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81.071627 
5 102 13.214285 7.8477995 
-
76.963256 
30.591197 15.586993 9.8 
6 102 13.92857 7.459695 
-
73.156924 
36.842152 18.772014 9.8 
7 102 14.642855 7.1008115 
-
69.637047 
42.772288 21.793569 9.8 
8 102 15.326085 6.783051 
-
66.521309 
46.50176 23.69383 9.8 
9 102 15.97826 6.503088 
-
63.775514 
48.010589 24.462617 9.8 
10 102 16.630435 6.2445855 -61.24082 49.194456 25.065827 9.8 
11 102 17.28261 6.006841 
-
58.909117 
50.060444 25.50707 9.8 
12 102 17.934785 5.7892345 
-
56.774591 
50.607537 25.785828 9.8 
13 102 18.586955 5.5912205 
-
54.832895 
50.837762 25.903134 9.8 
14 102 19.23913 5.4123195 
-
53.078709 
50.751711 25.859288 9.8 
15 102 19.891305 5.252112 
-
51.507498 
50.351268 25.655253 9.8 
16 102 20.54348 5.110233 
-
50.115888 
49.633585 25.289575 9.8 
17 102 21.195655 4.986366 
-
48.901882 
48.598359 24.762101 9.8 
18 102 21.847825 4.8802415 
-
47.860582 
47.243349 24.071689 9.8 
19 102 22.5 4.791633 - 45.565759 23.216914 9.8 
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46.991829 
20 102 23.152175 4.7203535 
-
46.292848 
43.562287 22.196094 9.8 
21 102 23.804345 4.6662555 
-
45.761309 
41.226018 21.005705 9.8 
22 102 24.45652 4.629228 
-
45.398493 
38.555631 19.645075 9.8 
23 102 25.108695 4.6091945 
-
45.201711 
35.541692 18.109397 9.8 
24 102 25.76087 4.6061145 -45.17199 32.178967 16.396003 9.8 
25 102 26.413045 4.619982 
-
45.307947 
28.458834 14.5005 9.8 
26 102 27.065215 4.6508255 
-
45.610418 
24.370963 12.417626 9.8 
27 102 27.71739 4.6987075 -46.08088 19.906512 10.142875 9.8 
28 102 28.369565 4.763726 
-
46.718378 
15.051448 7.6690957 9.8 
29 102 29.02174 4.8460155 
-
47.525616 
9.792904 4.9897338 9.8 
30 102 29.673915 4.9457485 
-
48.502726 
4.1135127 2.0959394 9.8 
 
Slice 1 - Spencer Method 
 
  Factor of Safety 3.1933 
Phi Angle 27 ° 
C (Strength) 9.8 kPa 
C (Force) 8.7938 kN 
Pore Water Pressure -95.407 kPa 
Pore Water Force -85.611 kN 
Pore Air Pressure 0 kPa 
Pore Air Force 0 kN 
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Phi B Angle 0 ° 
Slice Width 0.71429 m 
Mid-Height 0.27157 m 
Base Length 0.89733 m 
Base Angle -37.249 ° 
Anisotropic Strength Mod. 1 
Applied Lambda 0.1633 
Weight (incl. Vert. Seismic) 3.2976 kN 
Base Normal Force 2.0529 kN 
Base Normal Stress 2.2878 kPa 
Base Shear Res. Force -9.8398 kN 
Base Shear Res. Stress -10.966 kPa 
Base Shear Mob. Force -3.0814 kN 
Base Shear Mob. Stress -3.434 kPa 
Left Side Normal Force 0 kN 
Left Side Shear Force 0 kN 
Right Side Normal Force 1.2346 kN 
Right Side Shear Force 0.20164 kN 
Horizontal Seismic Force 0 kN 
Point Load 0 kN 
Reinforcement Load Used 0 kN 
Reinf. Shear Load Used 0 kN 
Surface Pressure Load 0 kN 
Polygon Closure 0.032976 kN 
Top Left Coordinate 10m, 10m 
Top Right Coordinate 10.714m, 10m 
Bottom Left Coordinate 10m, 10m 
Bottom Right Coordinate 10.714m, 9.4569m 
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Problem 2 
Report generated using GeoStudio 2007, version 7.10. Copyright © 1991-2008 GEO-SLOPE International Ltd. 
File Information 
Revision Number: 14 
Date: 8/25/2017 
Time: 8:37:50 PM 
File Name: problem 2.gsz 
Directory: C:\Users\Dell\Desktop\ms\msc geo\project\geo slope\output\ 
Last Solved Date: 8/25/2017 
Last Solved Time: 8:37:54 PM 
Project Settings 
Length(L) Units: meters 
Time(t) Units: Seconds 
Force(F) Units: kN 
Pressure(p) Units: kPa 
Strength Units: kPa 
Unit Weight of Water: 9.807 kN/m³ 
View: 2D 
Analysis Settings 
problem 2 
Description: two layer 
Kind: SLOPE/W 
Method: Morgenstern-Price 
Settings 
Apply Phreatic Correction: No 
Side Function 
Interslice force function option: Half-Sine 
PWP Conditions Source: Piezometric Line 
Use Staged Rapid Drawdown: No 
SlipSurface 
Direction of movement: Left to Right 
Allow Passive Mode: No 
Slip Surface Option: Entry and Exit 
Critical slip surfaces saved: 1 
Optimize Critical Slip Surface Location: No 
Tension Crack 
Tension Crack Option: (none) 
FOS Distribution 
FOS Calculation Option: Constant 
Advanced 
Number of Slices: 30 
Optimization Tolerance: 0.01 
Minimum Slip Surface Depth: 0.1 m 
Minimum Slice Width: 0.1 m 
Optimization Maximum Iterations: 2000 
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Optimization Convergence Tolerance: 1e-007 
Starting Optimization Points: 8 
Ending Optimization Points: 16 
Complete Passes per Insertion: 1 
Materials 
layer 1 
Model: Mohr-Coulomb 
Unit Weight: 20 kN/m³ 
Cohesion: 1 kPa 
Phi: 30 ° 
Phi-B: 0 ° 
Pore Water Pressure  
Piezometric Line: 1 
layer 2 
Model: Mohr-Coulomb 
Unit Weight: 20 kN/m³ 
Cohesion: 0.5 kPa 
Phi: 32 ° 
Phi-B: 0 ° 
Pore Water Pressure  
Piezometric Line: 1 
Slip Surface Entry and Exit 
Left Projection: Range 
Left-Zone Left Coordinate: (2, 2) m 
Left-Zone Right Coordinate: (2.0171228, 1.9914386) m 
Left-Zone Increment: 4 
Right Projection: Range 
Right-Zone Left Coordinate: (4.591053, 1) m 
Right-Zone Right Coordinate: (4.6, 1) m 
Right-Zone Increment: 4 
Radius Increments: 4 
 
Slip Surface Limits 
Left Coordinate: (0, 2) m 
Right Coordinate: (6, 1) m 
Piezometric Lines 
Piezometric Line 1 
Coordinates 
 
X (m) Y (m) 
 
0 0 
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6 0 
Regions 
 
Material Points Area (m²) 
Region 1 layer 1 1,2,3,4 2.4 
Region 2 layer 2 4,3,5,7,6 3.6 
Region 3 layer 1 6,7,8,9 3 
Points 
 
X (m) Y (m) 
Point 1 0 0 
Point 2 6 0 
Point 3 6 0.4 
Point 4 0 0.4 
Point 5 6 1 
Point 6 0 1 
Point 7 4 1 
Point 8 2 2 
Point 9 0 2 
Critical Slip Surfaces 
 
Number FOS Center (m) 
Radius 
(m) 
Entry 
(m) 
Exit (m) 
1 3 2.016 (3.939, 3.166) 2.263 (2, 2) (4.59105, 1) 
 
 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 87 
 
Slices of Slip Surface: 3 
 
Slip 
Surfac
e 
X (m) Y (m) PWP (kPa) 
Base 
Normal 
Stress (kPa) 
Frictiona
l 
Strength 
(kPa) 
Cohesive 
Strength 
(kPa) 
1 3 2.0428785 1.9340425 -18.967265 
0.09966982
2 
0.05754439
9 
1 
2 3 2.1715135 1.7603125 -17.263343 1.7047338 0.98422851 1 
3 3 2.3430265 1.5669895 -15.367431 3.3124389 1.9124375 1 
4 3 2.5145395 1.411835 -13.84582 4.4501736 2.5693089 1 
5 3 2.6860525 1.2851325 -12.603099 5.2942818 3.056655 1 
6 3 2.8575655 1.1813305 -11.585319 5.9222044 3.4191863 1 
7 3 3.0290785 1.096935 -10.757486 6.3501942 3.6662864 1 
8 3 3.2005915 1.0296215 -10.097731 6.5503266 3.7818328 1 
9 3 3.3755545 0.97705525 -9.5820215 6.4379546 4.0228805 0.5 
10 3 3.5539675 0.9387048 -9.2060983 5.9313829 3.7063394 0.5 
11 3 3.7323805 0.91512405 -8.9746345 4.929658 3.0803922 0.5 
12 3 3.9107935 0.9058478 -8.8837701 3.3832418 2.1140841 0.5 
13 3 4.084436 0.91020035 -8.9266192 2.3259085 1.4533889 0.5 
14 3 4.2533085 0.92751855 -9.0962773 1.8800654 1.1747953 0.5 
15 3 4.422181 0.9578665 -9.3937043 1.0981014 0.68616992 0.5 
16 3 4.548835 0.988175 -9.6910877 0.35697945 0.22306552 0.5 
 
Slice 1 - Morgenstern-Price Method 
  Factor of Safety 2.0159 
Phi Angle 30 ° 
C (Strength) 1 kPa 
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C (Force) 0.15734 kN 
Pore Water Pressure -18.967 kPa 
Pore Water Force -2.9843 kN 
Pore Air Pressure 0 kPa 
Pore Air Force 0 kN 
Phi B Angle 0 ° 
Slice Width 0.085757 m 
Mid-Height 0.044518 m 
Base Length 0.15734 m 
Base Angle -56.972 ° 
Anisotropic Strength Mod. 1 
Applied Lambda 0.4272 
Weight (incl. Vert. Seismic) 0.076355 kN 
Base Normal Force 0.015682 kN 
Base Normal Stress 0.09967 kPa 
Base Shear Res. Force -0.16639 kN 
Base Shear Res. Stress -1.0575 kPa 
Base Shear Mob. Force -0.08254 kN 
Base Shear Mob. Stress -0.5246 kPa 
Left Side Normal Force 0 kN 
Left Side Shear Force 0 kN 
Right Side Normal Force 0.031465 kN 
Right Side Shear Force 0.0013953 kN 
Horizontal Seismic Force 0 kN 
Point Load 0 kN 
Reinforcement Load Used 0 kN 
Reinf. Shear Load Used 0 kN 
Surface Pressure Load 0 kN 
Polygon Closure 0.0008254 kN 
Top Left Coordinate 2m, 2m 
Top Right Coordinate 2.0858m, 1.9571m 
Bottom Left Coordinate 2m, 2m 
Bottom Right Coordinate 2.0858m, 1.8681m 
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Problem 3 
Report generated using GeoStudio 2007, version 7.10. Copyright © 1991-2008 GEO-SLOPE International Ltd. 
File Information 
Revision Number: 10 
Date: 8/26/2017 
Time: 10:02:13 AM 
File Name: problem 3.gsz 
Directory: C:\Users\Dell\Desktop\ms\msc geo\project\geo slope\output\ 
Last Solved Date: 8/26/2017 
Last Solved Time: 10:02:36 AM 
Project Settings 
Length(L) Units: meters 
Time(t) Units: Seconds 
Force(F) Units: kN 
Pressure(p) Units: kPa 
Strength Units: kPa 
Unit Weight of Water: 9.807 kN/m³ 
View: 2D 
Analysis Settings 
Problem 3 
Description: Homogeneous slope including free surface 
Kind: SLOPE/W 
Method: Morgenstern-Price 
Settings 
Apply Phreatic Correction: No 
Side Function 
Interslice force function option: Half-Sine 
PWP Conditions Source: Piezometric Line 
Use Staged Rapid Drawdown: No 
SlipSurface 
Direction of movement: Left to Right 
Allow Passive Mode: No 
Slip Surface Option: Entry and Exit 
Critical slip surfaces saved: 1 
Optimize Critical Slip Surface Location: No 
Tension Crack 
Tension Crack Option: (none) 
FOS Distribution 
FOS Calculation Option: Constant 
Advanced 
Number of Slices: 30 
Optimization Tolerance: 0.01 
Minimum Slip Surface Depth: 0.1 m 
Minimum Slice Width: 0.1 m 
Optimization Maximum Iterations: 2000 
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Optimization Convergence Tolerance: 1e-007 
Starting Optimization Points: 8 
Ending Optimization Points: 16 
Complete Passes per Insertion: 1 
Materials 
layer 1 
Model: Mohr-Coulomb 
Unit Weight: 17 kN/m³ 
Cohesion: 86 kPa 
Phi: 18 ° 
Phi-B: 0 ° 
Pore Water Pressure  
Piezometric Line: 1 
Slip Surface Entry and Exit 
Left Projection: Range 
Left-Zone Left Coordinate: (10, 20) m 
Left-Zone Right Coordinate: (10.268837, 20) m 
Left-Zone Increment: 4 
Right Projection: Range 
Right-Zone Left Coordinate: (25, 10) m 
Right-Zone Right Coordinate: (25.036279, 10) m 
Right-Zone Increment: 4 
Radius Increments: 4 
Slip Surface Limits 
Left Coordinate: (0, 20) m 
Right Coordinate: (50, 10) m 
Piezometric Lines 
Piezometric Line 1 
Coordinates 
 
X (m) Y (m) 
 
0 10 
 
50 10 
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Regions 
 
Material Points Area (m²) 
Region 1 layer 1 1,2,3,4,5,6 700 
Points 
 
X (m) Y (m) 
Point 1 0 0 
Point 2 50 0 
Point 3 50 10 
Point 4 25 10 
Point 5 15 20 
Point 6 0 20 
Critical Slip Surfaces 
 
Number FOS Center (m) Radius (m) Entry (m) Exit (m) 
1 3 3.925 (26.174, 28.01) 18.049 (10, 20) (25, 10) 
Slices of Slip Surface: 3 
 
Slip 
Surf
ace 
X 
(m) 
Y (m) PWP (kPa) 
Base Normal 
Stress (kPa) 
Frictional 
Strength 
(kPa) 
Cohesive 
Strength 
(kPa) 
1 3 10.25 
19.53054
5 
-93.466273 -29.437589 -9.5648525 86 
2 3 10.75 18.64919 -84.822966 -13.140446 -4.2695898 86 
3 3 11.25 17.86939 -77.175322 1.8200094 0.59135689 86 
4 3 11.75 
17.16888
5 
-70.30482 15.698866 5.1008709 86 
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5 3 12.25 16.533 -64.068526 28.642116 9.3063875 86 
6 3 12.75 15.95143 -58.365142 40.73317 13.235009 86 
7 3 13.25 15.41659 -53.120711 52.023597 16.903491 86 
8 3 13.75 
14.92272
5 
-48.276706 62.541268 20.32089 86 
9 3 14.25 14.46534 -43.791798 72.308784 23.494548 86 
10 3 14.75 14.04083 -39.62883 81.344692 26.430493 86 
11 3 15.25 13.64627 -35.758559 85.402176 27.748849 86 
12 3 15.75 
13.27925
5 
-32.15938 84.468577 27.445504 86 
13 3 16.25 
12.93776
5 
-28.810385 82.858046 26.922211 86 
14 3 16.75 12.62009 -25.695694 80.643373 26.20262 86 
15 3 17.25 
12.32478
5 
-22.798775 77.89654 25.31012 86 
16 3 17.75 12.05061 -20.110713 74.683796 24.266236 86 
17 3 18.25 11.79649 -17.618151 71.062349 23.089557 86 
18 3 18.75 11.56149 -15.313478 67.088071 21.798236 86 
19 3 19.25 11.3448 -13.18837 62.809411 20.408015 86 
20 3 19.75 
11.14571
5 
-11.235951 58.264639 18.931329 86 
21 3 20.25 10.96362 -9.4502948 53.488635 17.379511 86 
22 3 20.75 
10.79797
5 
-7.8256978 48.503112 15.759617 86 
23 3 21.25 
10.64830
5 
-6.357893 43.331341 14.079206 86 
Comparison of Finite Element and Limit Equilibrium Methods for Slope Stability Analysis 2017 
 
YARED B. Page 94 
 
24 3 21.75 10.5142 -5.0427207 37.976978 12.339468 86 
25 3 22.25 
10.39530
5 
-3.8767937 32.450749 10.543887 86 
26 3 22.75 
10.29131
5 
-2.85696 26.74534 8.6900876 86 
27 3 23.25 10.20197 -1.9806861 20.854833 6.776146 86 
28 3 23.75 10.12705 -1.2459503 14.767009 4.798092 86 
29 3 24.25 10.06637 
-
0.6508508
8 
8.4617177 2.7493788 86 
30 3 24.75 
10.01978
5 
-
0.1940075
3 
1.9184031 0.62332694 86 
Slice 1 - Spencer Method 
 
  Factor of Safety 3.9245 
Phi Angle 18 ° 
C (Strength) 86 kPa 
C (Force) 91.482 kN 
Pore Water Pressure -93.466 kPa 
Pore Water Force -99.424 kN 
Pore Air Pressure 0 kPa 
Pore Air Force 0 kN 
Phi B Angle 0 ° 
Slice Width 0.5 m 
Mid-Height 0.46945 m 
Base Length 1.0637 m 
Base Angle -61.963 ° 
Anisotropic Strength Mod. 1 
Applied Lambda -0.0081 
Weight (incl. Vert. Seismic) 3.9904 kN 
Base Normal Force 31.09 kN 
Base Normal Stress 29.227 kPa 
Base Shear Res. Force -81.382 kN 
Base Shear Res. Stress -76.505 kPa 
Base Shear Mob. Force -20.737 kN 
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Base Shear Mob. Stress -19.494 kPa 
Left Side Normal Force 0 kN 
Left Side Shear Force 0 kN 
Right Side Normal Force 37.139 kN 
Right Side Shear Force 0.30069 kN 
Horizontal Seismic Force 0 kN 
Point Load 0 kN 
Reinforcement Load Used 0 kN 
Reinf. Shear Load Used 0 kN 
Surface Pressure Load 0 kN 
Polygon Closure 0.1857 kN 
Top Left Coordinate 10m, 20m 
Top Right Coordinate 10.5m, 20m 
Bottom Left Coordinate 10m, 20m 
Bottom Right Coordinate 10.5m, 19.061m 
 
/ 
